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Preface 

On November 9-11, 1998, 85 participants, representing 17 countries, gathered in Auburn 
Hills, Michigan, at the Chrysler Tech Center, to attend a workshop “SSM’98” (or Sculptured 
Surface Machining ’98) organized by IFIP Working Group 5.3. This was the first major 
workshop on sculptured surface machining since the CAM-I sponsored conference 
“Machining Impossible Surfaces” held in 1981. The purpose of the SSM’98 workshop, 
entitled “Machining Impossible Shapes”, was to promote a cross-fertilization of ideas among 
three communities: industrial users, CAM software developers and academic researchers. 
There were 17 participants who were “industrial users”, 15 represented CAM software 
developers, 4 were from the machine tool industry, with the remainder being academic 
researchers. The format of the meeting included 40 presentations in 9 sessions, 4 keynote 
speeches and a sufficient amount of time for informal discussion amongst the participants. 
One of the most valuable aspects of the workshop was the opportunity for participants to meet 
informally and to discuss their mutual interests. This led to two “participant organized” 
sessions on five axis machining and on machine tool controllers. 

There are 40 selected papers in this book organized into nine topic areas. The nine topic 
areas are 1) Industrial users perspectives of SSM, 2) Computational geometry for SSM, 3) 
Geometric simulation and NC verification, 4) Cutting force modeling for SSM, 5) Shape 
reverse engineering, 6) Virtual and rapid prototyping, 7) 3 -axis tool-path generation, 8) High- 
speed machining, and 9) 5-axis machining. This book offers a summary of some of the state- 
of-the-art research and development in sculptured surface machining. While there has been a 
great deal of progress in this field during the last twenty years, there are still many unsolved 
problems and a significant potential for improvements in productivity. The manufacturing 
of molds and dies is a critical part of the product development process and improvements in 
this process are of great importance in getting products to market on time and under budget. 

The papers in the first two chapters provide background for sculptured surface machining. 
Chapter 1 contains three papers reflecting industrial users’ perspectives in which a number of 
user requirements for “next generation” CAM software are identified, while some of the new 
developments in computational geometry for SSM are presented in the four papers in Chapter 
2. The papers in the next two chapters are concerned with “modeling and simulation” of the 
machining process itself The four papers in Chapter 3 describe new developments in 
geometric cutting simulation and its application; the five papers in Chapter 4 present new 
results in cutting force modeling and cutting condition optimization. 

Two non-conventional topic areas in SMM, reverse engineering and rapid prototyping, 
are the subjects of Chapters 5 and 6. In recent years, these two areas are becoming more 
important as getting products to market on time and under budget becomes more critical in 
modern manufacturing. The main subject areas of SSM are covered in the final three chapters 
of the book. New results in tool-path generation methods for 3-axis and 5-axis NC machining 
are presented in Chapter 7 and Chapter 9, respectively, and new trends in high speed 
machining are presented in Chapter 8. 

The Editors wish to thank the members of Gus Oiling’ s staff Hayong Shin, Diane Pierce 
and Lori Sessink for their invaluable assistance in organizing and running the conference. 
Thanks are also due to Carole McCarthy, business manager of the UNH College of 
Engineering who kept the finances straight. Special thanks are due to Bohyun Kim and other 
graduate students of Byoung Choi at KAIST for their devotion during the entire period of 
conference preparation which lasted for more than a year including the camera-copy editing 
of this book. 

Gustav G. Oiling 
Byoung K. Choi 
Robert B. Jerard 
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Chapter 1. Industrial Users Perspectives 



Cutting Molds/Dies from Scan data 

Rao S. Vadlamudi 

Venture Engineering, Research & Development, 1027 E. 14 Mile Rd, Troy, MI-48083 

Keywords Optical scanners, duplicating dies/molds, cam software, scan data, stl files 

Abstract This paper discuss the state of the art technology in duplicating an existing mold or die using 
digitized data from Optical scanners, instead of using traditional "copy milling". Both the 
technical results and experience from the process to achieve these results are expressed. The 
main process is discussed highlighting the benefits of using new technology versus copy 
milling or from surface . The main process consists of : 

1) Scanning : An existing mold or die is scanned using Optical scanners. The software and 
hardware used to scan the die/mold are described in detail with the advantages of using 
Optical scanners versus laser scanners. 

2) Data preparation : Once the die/mold is scanned, the data is pre-processed to read to any 
CAD/CAM systems. An STL (Steriolithography format) file is created for cutterpath 
generation and section lines are created, in case if surface development is required, for other 
applications. 

3) Creating toolpaths using CAM software : Major issues in cutting the scan data are 
discussed. 

4) Cutting p-20 steel on CNC m/c 

5) Quality Check : Checking the die/mold with the following procedures a) CMM machine, 
b) Using the same scanner. 

In this process, we compare the dimensional accuracy of duplicated die/mold with original 
die/mold using Optical scanners and CMM machines. We cut one die for Chrysler 
Corporation using the above process and the results are very impressive. 



1. INTRODUCTION 

Venture Industries is a Tier-one supplier for Automotive industry, primarily focused on 
supplying Interior/Exterior Plastics components. Venture is a global organization with over 
5000 employees and about 40 facilities worldwide 

Venture uses scanning technology throughout the Engineering Process, which include : 

• Concept/Show Car development • Reverse Engineering 

• Product Design • Models 

• Rapid Prototype •Mold building 

Venture uses all major CAD/CAM software’s available in the market along with the 
scanning and cutting technology : 

• Catia • Alias • UG • CGS 

• SDRC •PDGS *CAMAX • Cadkey 

• Imageware • Polyworks • WorKNC • Tebis 

At Venture, for our own internal use and for our customers, we are asked to scan an 
existing Mold or Die and either cut a duplicate Mold or Die and/or supply with class-A 
surface. 

1.1 Why do we want to duplicate Molds/Dies from Scan data? 

This happens, most of the time, when 
a) There is no CAD data for the mold/die 




b) There are too many manual changes on the mold/die and the CAD data is no longer the 
same as that of the mold/die. In this case, we use scanning process, to scan the mold/die 
and we compare the surfaced CAD data with scan data using either Imageware’s 
Inspection Module’s or Innovmetric’s Poly works s/w. 

1.2. Advantages of Cutting directly from Scan data versus Copy milling and 
Surface data. 

1) The finished Mold or Die is more accurate 

2) Faster delivery time 

3) Versatility of the data/process : Once we scan the mold or die, we have digitized 
electronic data, which we can utilize for several purposes 

a) Further surface creation b) Section lines 

c) Changing the geometry d) Adding additional surfaces, etc. 



2. THE PROCESS - CASE STUDY 

For this case study, an existing model (made out of wood), for which there is no CAD 
data available at Venture was chosen. 

The major steps involved in this case study are : 

• Scanning the Model • Data Preparation & Manipulation 

• Toolpath preparation from STL/Scan data • CNC Machining 

• Inspection of the Finished Mold • Using CMM [existing technology] 

• Using Optical Scanners 




Figure 1. Original Model used for Scanning 
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2.1. Scanning Equipment 

At Venture, We use Optical Cloud scanners from Stienbichler. We also have Laser 
Scanners, which we seldom use anymore. We have 2 Optical Scanners: 

Stienbichler Comet/500 ; Measuring envelope 400mmx400mmx400mm cube. We use this 
scanner for scanning whole cars, big dies/molds (doors, hoods, I.P.'s, bumpers, etc.). 
Stienbichler Comet/100 :: Measuring envelope lOOmmxlOOmmx 100mm cube. We use 
this scanner on small parts. 

2.2. Scanning the model 

We scanned the model, using Stienbichler's scanner. During the scanning process, we took 
several shots (pictures) to cover the entire model. During this process, we rotated our scanner 
in space to cover all details (fillets, steep walls). 



2.3. Data preparation and Manipulation 

We used Polyworks s/w to put the patches together, and to remove any overlapping areas. 
The data is filtered to reduce excessive points and noise. The Original model used for this 
case study is shown in Figure 1. The scan data is shown in Figure 2. 
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Figure 4. After the data [STL] is prepared, We developed the toolpaths to cut the duplicated 
mold in P-20 steel 




Figure 3. Bad Fillets, as a result of too much data filtration 




Figure 4. Good Fillets, after implementing better filtering techniques (part of research efforts) 

2.5. Toolpath creation from STL file 

We used WorkNC and Tebis software to create toolpaths from scan data. All the toolpath 
types are available from WorkNC to cut the scan data. Once the STL file is read in to 
WorkNC, the toolpath preparation process is same as that from surfaced CAD file. The 
toolpath calculations are slightly slower than from a surfaced CAD files. But, it is not really a 
bottleneck in the process, as the computers are getting faster (Pentium 500 MHz PC), we can 
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also develop the toolpaths in a batch mode, overnight. We prepared various toolpaths using 

WorkNC and only few toolpaths are shown in the pictures. 

The typical toolpaths, we use are 

1) Z-Level Roughing Toolpath : To rough solid block of P-20 steel. This toolpath is shown 
in Figure 5. 

2) Planar Finishing Toolpath : This toolpath is shown in Figure 6. 

3) Contour Remachine Toolpath : To remachine left over stock from previous bigger 
finishing tools. The finishing is much smoother and highly efficient. This toolpath is 
shown in Figure 7. 







Figure 5. Z-level Roughing toolpaths 




Figure 6. Finishing toolpath 
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Figure 7. Contour Remachine 



2.6. CNC Machining 

The process of CNC machining is same as that of cutting from Surfaced CAD files. The 
finished mold is shown in Figure 8. 




Figure 8. Mold cut from Scan data 
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2.7. Inspection of the Finished mold 

At Venture, generally, we use “Coordinate Measuring Machines” to check the quality of 
finished mold. Venture is in the process of developing technology to inspect the finished mold 
by scanning the mold and compare the scan data with the surfaced CAD files (if available) or 
with the Original scan data of the model. 

We scanned the finished mold. We used Polyworks software to compare the scan data of 
the finished mold with the scan data of the original model. This technology needs to be 
developed further. It takes too long time. The colorplot showing the difference between 
Original model and the duplicated mold is shown in Figure 9. The maximum deviation of the 
finished mold from the model is + or - 0.4 mm. 




Figure 9. Color PLOT [Inspection] Shows the difference in the Original Model and 
Duplicated Mold, using Scan Data 



3. CONCLUSION 

We cut this mold for Chrysler Corporation and Chrysler Managers were impressed with 
the results. We need to further develop the technology in “Inspection of finished Mold/Die 
using Optical Scanners”. 
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Experiences from a Quantum Leap Improvement in 
Turbine Manufacturing 

Findings in a research project in cooperation between Kvaerner Energy AS and 
SINTEF 

Ivar Bliko, Stefan Kowerich and Pal Paulik 

SINTEF Industrial Management: SINTEF Industrial Management: Kvaerner Energy 

Key words: 5-axis milling, plunge cutting, Hydro Power Turbines, Enterprise development 

Abstract: This paper discusses experiences from a research project aiming at the improvement of the 

machining process for Hydro Power Plant Turbines. Both technical results and experiences 
from the process to achieve these results are expressed. A number of improvement features 
regarding 5-axis machining of sculptured surfaces are discussed. Major findings are pointed 
out as the lack of suitable functions in the CAD/CAM system to cope with the challenges of 
this specialised product. Improved machining strategies as "Parallel Cut", "Constant Gap 
Strategy", and "Multi-axis Plunge Cutting" are introduced. The outcome of the project was a 
new method for manufacturing of turbines. Based on the experience in the development 
project, reflections regarding organisational mechanisms for Quantum Leap Improvement 
are discussed. 



1. INTRODUCTION 

Kvaerner ASA is one of the largest industrial enterprises in Norway with 80000 
employees world- wide, with Kvaerner Energy a.s as a subsidiary with 3675 employees world- 
wide. 

The main product of Kvaerner Energy is complete hydropower plants, and the first 
hydropower turbines have been manufactured already in the last century. Since then Kvaerner 
has developed the manufacturing process of hydropower turbines continuously. 

The last major change of the production process was in the beginning of the 1990s, where 
5-axis milling replaced turning and 3-axis milling as the main technology. The consequence 
was a significantly higher quality of the turbines, but the production costs increased as well. 

To meet the challenges of the future, producing high quality turbines at lower costs, 
Kvaerner understood that it was necessary to increase productivity further. The goal was not 
to become just as good as the competitors, but to become better. 

Based on this situation, a project was carried through in the period from the end of 1995 
to early in 1997 that focussed on the manufacturing of the runners for hydropower turbines. 
The name of the project was "Process Optimised Creation and Machining of Complex 
Geometry in 5-axis Machining Environment (PROFRAK)" and the Norwegian Research 
Council supported it. [1] 

The goals of the project were: 

• Modelling time: 50% reduction 

• NC-programming time: 50% reduction 

• Machining time: 20% reduction 

Different departments at SINTEF and a Norwegian consultant company, Kongsberg 3D 
Partner, were engaged in this project. 

This paper presents the main results of this project. The first chapter deals with the 
successful implementation of improvement measures in an early stage of the project, where 
the results were achieved by following a more traditional approach. The second chapter 
describes a break-through based on a change of the manufacturing process (the quantum leap 
improvement), and the last chapter rounds off the paper with some reflections about the 
reasons for the success. 




2. THE TRADITIONAL APPROACH 



What is the usual proceeding of a project when two research engineers enter an 
industrial company? 

They start with an analysis phase, identify areas of improvement, work out measures of 
improvement, implement the measures, and evaluate the results. The whole procedure is 
controlled by a detailed plan. 

So did we. 

2.1 Analysis phase 

The production of Power Plant Turbines involves a lot of people. To get a brief 
understanding of sub-processes involved, departments dealing with hydrodynamics, design, 
construction, programming, machining, grinding, assembling and welding were visited. A lot 
of time was spent in the workshop to get an impression of how the production process elapsed. 

The turbine runner has an impossible shape. The inner geometry is closed by the housing, 
and no method has been developed for machining a geometry of this kind and this size in one 
piece. Therefore, the production process until now has been based on a splitting of the runner 
into separate parts (crown, band, and vanes), and assembly of each individual part after 
machining (figure 1). The weight of the castings is up to 30 tons, and a complete assembled 
runner weighs up to 100 tons. 




Figure 1. Exploded view of the turbine 

Crown and band consist of a surface of revolution as the base geometry, with additional 
stubs where the vanes are welded on. The shape of the vanes is a sculptured surface formed 
according to hydrodynamic laws. 

At the time we started the project, each of the main components was manufactured by its 
own production process. Crown and band were cast, machined, and ground, the vanes were 
cut from steel plates, pressed into shape, machined, and ground. At last, all components were 
assembled and welded. The workflow of the production processes is shown in figure 2. 

Since the focus of the project was to optimise the machining process of crown, band, and 
vanes, we analysed the different machining operations and came to significant observations. 
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The machining operations for crown and band could be classified into three main 
sections: 

• machining of the surface area between the stubs 

• machining of the side of the stubs 

• machining of the fillet between stubs and surface of revolution 

All operations were performed using simultaneous 5-axis-milling. The vanes were 
machined using 3 -axis-milling as the main technology. 



Vanes Dies Band / Crown 




Figure 2. Manufacturing workflow of the turbine runner 



2.2 Problem identification 

At the end of the analysis phase we had some ideas of areas where we possibly could 
contribute with a certain amount of improvement. But we were anything but sure that solving 
these problems would result in the improvement that was defined in the project goals. At that 
stage we didn ’t know where the key to the quantum leap was. 

The toolpath pattern for the machining of the surface area between the stubs was sub- 
optimal. As shown in figure 3, the machining pattern followed the parametrical lines of the 
surface. This resulted in efficient machining just at the beginning of each cut, and decreasing 
removal rate along the tool path. In addition, to avoid conventional cutting, the tool was 
moved in air back to the outside, which increased the amount of idle cutting. 

The machining of the fillet between the stubs and the surface of revolution was inefficient 
because of the use of a ballnose-cutter (Figure 5, right side). 

The use of 3 -axis-milling for the machining of the vanes seemed to be obsolete, since the 
company used simultaneous 5-axis-milling for the machining of the other components. 
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The reason for the sub-optimal operations seemed to be a lack of functionality of the 
CAD/C AM-system. Ideas for improved operations, i.e. improved machining patterns and 
more efficient tools, existed at the company, but there has not been suitable functionality in 
the CAD/CAM-system to implement them in real production. It turned out to be the main 
purpose of the project to define improved machining operations, and to find out, how to 
program them using a commercial CAD/CAM-system. 




V. } 



\\ \ \ \ \/ 
\\\ W 
\\ \ 



Figure 3. Isoparametric toolpath 

2.3 Measurement of improvement 

Already at an early stage in the project, ideas were discussed, and new machining 
strategies were sketched. We had a subconscious feeling that a successful implementation of 
these ideas would lead to some improvement. But how was it possible to implement these 
ideas, how to generate the toolpaths? 




Figure 4. Parallel cutting strategy 
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The main contribution to a drastically improved machining of crown and band was the 
change of the machining pattern for the surface area between the stubs. To improve the 
utilisation of the tool, the new toolpath pattern did not follow the parametrical lines of the 
surface, but curves with equal distance. This machining pattern allowed almost constant 
material removal rate, and reduced the amount of machining air by moving the tool both 
inward and outward. Figure 4 illustrates the resulting pattern. 

The pattern was realised not by using the standard functions of the CAD/C AM-system for 
machining of surface area, but by manually modelling the machining pattern by a set of 
curves, and using the curves as a guide for the tool motions. 

Today we know that also this machining pattern is not optimal. A lot of research has been 
done on this subject ([2], [3], ..., [12]), but the results have not been implemented in 
commercial CAD/CAM-systems. 




Material to remove 



Figure 5. Barrel cutter for machining of fillets 

Another important contribution to the improved machining was the replacement of the 
ballnose-cutter with a barrel-cutter for the machining of the fillet. By using a barrel-cutter 
whose barrel-radius is equal to the radius of the fillet, the time for machining the fillet was 
reduced to less than half the time needed when the ballnose-cutter was used. Figure 5 shows 
the principle of the machining operation. 



Sculptured 

Surface 



Lead- 
' angle 




Figure 6. Constant Gap strategy 
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The third improved machining operation that we tried to implement in production, was 
the machining with negative lead angle, also called the machining with constant gap. Figure 6 
shows the principle. 

In conventional simultaneous 5 -axis-milling, the tool is tilted in the direction of 
movement. Recent research ([2]) shows that tilting the tool backwards, i.e. against the 
direction of movement, increases the stability of machining, and thus increases the achievable 
feedrate. In addition, by using both the forward and backward edge of the cutting inserts, the 
material removal rate can be increased by 40 to 50 %, as shown in the figure above. To 
achieve this, the gap between the inserts in front and the final surface has to be optimal. If the 
gap is bigger than the maximum cut depth of the inserts at the back of the tool, the will break. 
On the other hand, the gap has to be as big as possible to utilise the full potential of the 
method. The use of this machining method on sculptured surfaces requires the control of the 
tool axis in a way that renders an optimal gap between the inserts in front and the final surface. 
This control strategy is not available in commercial CAD/CAM-system, thus this machining 
method was not implemented in real production, even if a test of the method was successful 
and confirmed the results of the above mentioned research work. 



Motion Direction 




Figure 7. Plunge cutting 

The final machining method that we want to present in this paper is 5-axis plunge cutting. 

Conventional milling operations move the milling tool in a radial way, introducing radial 
forces to the tool, resulting in a significant tool deflection. Plunge cutting operations move the 
tool along its axis, introducing mainly axial forces, reducing the tool deflection, and thus 
stabilising the milling process. Figure 7 shows the tool motions. 

Figure 8 shows a typical plunge cutting tool, a flat end mill with a special type of inserts. 
The radial stepover distance is restricted to the length of the cutting edge of the inserts. 

Plunge cutting is a suitable operation for machining with long tools in relation to their 
diameter. Tool manufacturers of special plunge cutting tools recommend plunge cutting for 
conditions where the tool length is up to 10 times its diameter. For difficult material groups 
such as stainless steel, it can be profitable to use the method for lower length/diameter 
relations. 

5 -axis plunge cutting is the application of the method for machining of sculptured 
surfaces, utilising the full freedom of tool positioning and orientation provided by 
simultaneous 5-axis-milling. This is discussed in more detail later in this paper. 
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2.4 Results of the implementation of the measures of improvement 

We implemented those of the new machining strategies that were possible to implement in 
real production. The results exceeded our expectations. At the beginning of the project, 
nobody had believed that it was possible to achieve such results. 

The improved machining operations described in the previous chapter, at least those that 
have been implemented in real production, resulted in a significant reduction of the 
machining time for crown, band and vanes. Depending on the shape of the particular 
components, the time reduction was typically between 50 and 75 %, which was much better 
than the expected goal of the project. 

At that point it would have been normal to terminate the project. Nevertheless, we didn ’t. 
Why? 

In contrast to usual research projects, the results were achieved consuming less time and 
money as planned. The question was what to do with the rest of the budget? 




Figure 8. Tool for plunge cutting 



3. THE QUANTUM LEAP IMPROVEMENT 

There were some ideas that had followed us through the whole project, but they were 
classified as impossible to implement. One of the ideas was a production method based on 
splitting the geometry of the turbine runner in the middle of the vanes, i.e. machining one half 
of each vane together with crown and band, respectively. 




Figure 9. Workflow with new production process 
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Picking up this idea and discussing its restrictions and advantages opened our eyes. All 
the improvements that we had achieved to this point were small compared with the overall 
potential of the new approach. It is true, the machining and NC-programming time for crown 
and band would increase significantly, but on the other hand, the whole production process of 
the vanes would be eliminated (compare figure 2 and figure 9). In addition, the welding 
process would be much easier. 

But was it possible to produce a turbine runner in this way? We had a feeling that the 
enabling technology to achieve this goal was plunge cutting. 

The central question at that point of the project was, if it would be possible to program 5- 
axis plunge cutting operations. The project resulted in that the answer to that question was yes, 
even if the resulting programming process was extremely time-consuming and error-prone, 
because commercial C AD/C AM-sy stems lack tailor-made functionality to program 5 -axis 
plunge cutting operations. 

Machining of the runner of a turbine in two halves is a typical case for the use of 5 -axis 
plunge cutting. Deep and narrow water canals require the use of long and slender tools, and 
the hydrodynamic shape of the turbines require the full freedom of simultaneous 5-axis- 
milling to be able to access these areas (figure 10). 




Figure 10. One half of the turbine 

We identified two types of 5-axis plunge cutting, indexed and simultaneous 5-axis plunge 
cutting. 

Indexed 5-axis plunge cutting is suitable for machining of the working allowance above a 
floor surface. The tool is moved to a point above the working allowance and then along its 
axis towards the floor surface. Its axis is oriented almost in the direction of the surface normal 
of the floor surface in the contact point, to minimise the amount of excess material (figure 11). 
We used the method to machine the surface area between the vanes. 
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Figure 11. Indexed 5-axis plunge cutting 

Simultaneous 5-axis plunge cutting has been used for the machining of the vanes 
themselves. As shown in figure 12 the tool is oriented in an angle near 90° in relation to the 
surface normal, and the tool motion occurs approximately in the direction of the tool axis. The 
main condition of the tool motion is that the contact point follows the shape of the surface. 




Figure 12. Simultaneous 5-axis plunge cutting 

As mentioned initially, the generation of toolpaths for 5-axis plunge cutting is a time- 
consuming process. The reason is the lack of tailor-made functionality in commercial 
CAD/CAM-systems. What are the aspects that make 5-axis plunge cutting so special? 

The most critical aspect is related to the shape of the cutting tool. As mentioned earlier, 
the maximum radial stepover distance must not exceed the length of the cutting edge of the 
insert. The radial stepover distance is not constant along each cut because of the change of the 
tool axis for each cut. On convex parts of the surface, the stepover distance decreases, on 
concave parts, the stepover distance increases along the cut (see figure 11). There are no 
reliable mechanisms in the CAD/CAM-systems to make sure that the radial stepover distance 
is less than a max- value. 
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Figure 13. Correct cut depth for indexed 5-axis plunge cutting 

Another prerequisite that is related to the max-value of the radial stepover distance is the 
fact that a particular plunge cut must not cut deeper than the previous cut. Otherwise the tool 
cuts with the whole end surface, which can lead to complete tool damage. As Figure 13 
illustrates, one way to assure that this condition is satisfied, is to tilt the tool axis some 
degrees in the step over direction. How many degrees the tool axis has to be tilted is the result 
of a time-consuming try-and-error-process. 




Figure 14. Angle between vane and floor surface 
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During the introduction of indexed 5-axis plunge cutting, we said that the tool axis is 
oriented in the direction of the normal of the floor surface, to minimise the amount of excess 
material left on the floor surface. This demand can not always be fulfilled. This is the case for 
the machining of the surface area between the vanes, especially the area near the centre of the 
runner, where the angle between the vanes and the bottom surface is less than 90°. The tool 
axis must be oriented in a plane parallel to the side of the vanes, to be able to access the area 
between the vanes (see figure 14). The angle between the vanes and the floor surface varies 
from the outside to the inside, so that in this case the orientation of the tool axis has to follow 
other guides than the normal of the floor surface. 

The orientation of the tool axis for simultaneous 5-axis plunge cutting is another 
parameter that is difficult to determine. The angle between the tool axis and the surface 
normal of the surface to be machined is near 90°, but as figure 12 illustrates, the angle can 
never be exactly 90 °, in order to avoid either gouging or excess material. To find an optimal 
orientation of the tool axis, so that the contact point follows the surface to be machined, 
without gouging the surface, is a time consuming process. 

The conclusion of this chapter is, that the problem of optimised tool positioning and 
orientation for 5 -axis-plunge-cutting is not yet solved satisfactorily. It is true that it is possible 
to generate toolpaths for 5 -axis plunge cutting, but the generation process is characterised by 
much manual work and a good portion of experience. This makes it difficult for not 
experienced users to adopt the method. 



4. HOW CAN A RESEARCHER CONTRIBUTE TO 

IMPROVEMENT IN A COMPANY-PROCESS THAT HAS 
BEEN CONTINOUSLY DEVELOPED BY HIGHLY 
SKILLED PERSONAL IN DECADES? 

One important difference between a researcher and a consultant is that the researcher 
should not sell a "solution”. For the researcher, in addition to testing theories, possible 
positive achievement is a result of a process. How was this process, and what was the role of 
the researcher in this project? 

The first critical process of the development project is the introduction of the external 
researcher to the staff in the company. This was followed up as a separate process by 
information and a presentation meeting for all staff involved. The most successful factor was 
maybe the location of researcher near by the operative staff during the whole project. It was a 
high degree of presence for the researchers in the company during the project period. 
Participation in "every-day" discussions gave the researchers an accelerated introduction to 
problems and framework of the particular production environment. Successful 
communication with both intricate and silly questions was the triggers to reduce the "house- 
blindness" of the staff The result of this external view opened the possibility for the staff to 
look into the problems with new perspectives, and new aspects of implementing improvement 
in the production process were discovered. It was created a learning arena in addition to order 
processing. Our understanding of how this interaction should be expressed is shown in figure 
15, and the model show the interaction of formulating theories and hypothesis, develop 
methods, and the implementation for full scale machining. The research model gives a loop- 
back of experience from the workshop, and the learning arena performs a closed learning 
circle. 
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Figure 15. The learning arena as a closed learning circle 



4.1 Time for experiments and the allowance to fail? 

The production of Power Plant Turbines is a very fail critical process. Expensive castings, 
long lead-time and restricted repair possibilities makes a 100% error free attitude. Short 
delivery times push the staff to choose the "safe" solution, even if it is time consuming. 
Reliability and close follow up by progress measuring ensure a controlled process. It was no 
allowance to do major experiments, except for everyday improvement in how thing was done. 
In this relation, the researchers represented an added resource for reflection, experiments, and 
acted as a network for external contact with development departments at software vendors, 
tool vendors, other companies and research environments. Together with the focus on vertical 
communication in the company, introduction of external people formed a multidiscipline 
arena for joint learning. With this framework it was turning to be more discussions on witch 
opportunities to work on, more than how to solve problems in every day work. Experience 
from the project confessed that it was more correct to look at improved methods before 
starting automation of work operations. This is discussed in the literature as "Double-loop- 
learning" [15]. See also figure 16. 

One question is to do tings right (for instance how to program a toolpath), another 
question is to do the right tings (for instance use plunge cutting in stead of lace machining). It 
could also be a discussion on who will benefit on what we are doing? It is obviously more 
motivating to use creativity and innovation in the NC-group to create methods for reduced 
machining time, instead of a contribution for automation of own work. Most improvement 
projects in companies do not have only a technical aspect, in this case for example by 
understanding programming or machining topics, but also an organisational question dealing 
with different key-factors for empowering a team for releasing a wish for reengineering 
existing processes. It is a lot of political questions, and the understanding of this situation is 
expressed as “Triple Loop Learning” [16]: “For whom are we doing it?” 
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As desired 




Double loop learning 



Figure 16. Double loop learning 

4.2 Change resistance as a critical factor? 

The core development team was the NC-programmers. One of the goals for the project 
was to reduce the time spent on NC-programming with 50%. One basic idea was to look at 
the possibility to automate this process by generating parametric NC-programs for machining 
turbines. Another goal was to reduce machining time with 20%. Machining in 5-axis milling- 
centers was a bottleneck in the company, and it was a strong need for increased capacity. We 
now see that conditions and the possibilities for getting good results were better for improving 
the machining process, than an "automation"-process at the NC-programmers. Results from 
the improvement measures confess this statement. 
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Figure 17. Tacit knowledge in NC-group 
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4.3 High degree of tacit knowledge 

For the group of NC-programmers is was obvious that the result from decades of 
development has given a lot of individual and organisational knowledge it was impossible for 
people outside the organisation to compete on. It is known as tacit knowledge (figure 17). 

Results from the project contributed to a new standard for fabrication of turbines in this 
company. This is explicit collective knowledge contributing to the competitive level of this 
company. But there is still a part of it that is not filly explored. CAD/ CAM systems of today 
are sophisticated tools. There is no theoretical recipe for how to get good results from the 
CAD/CAM system. To achieve effective 5-axis tool-paths, a lot of experience and skill is 
involved. During individual experiments, individual methods were developed. It seamed to be 
impossible to explicitly describe activities NC-programmers used in the CAD/CAM system to 
achieve adequate results for different machining strategies, different topology of runner and 
the actual surface behaviour. To make a model of a decision tree seamed to bee to very 
complex and difficult to achieve. 

A complex CAD/CAM system gives a high number of alternative methods and 
combinations of choices to get the final result. To control different finctions in the system, 
there are a large number of different parameters to control both the algorithm for generating 
tool path, and also to control the behavior of the surfaces and curves. Knowledge in creating 
functional 5-axis tool-paths was a result of individual experience. It was not possible to get 
textbook answers for the approach to the individual solution. The resultant machining path is 
not a key answer, but the human observation and "feeling". The iteration process is shown in 
figure 18. 




Figure 18. Iteration process in toolpath generation 

The individual skill in programming and achievement of good NC-programs is a 
combination of knowledge in use of different functions and possibilities in the CAD/CAM 
system, and experience from what is good enough during machining process. It is a high 
degree of experienced knowledge. Continuous feedback from the workshop over a long time 
tells the programmer what is correct quality. By nature it is difficult to express this knowledge 
explicit: It is tacit knowledge. 



21 




Visualisation and simulation system has best practice from a mission of checking and 
verifying toolpaths. Our understanding of the effects from a visualisation and simulation 
system is that it should also be considered as possible computer assisted tools for generation 
of tacit knowledge in controlling complex CAD/CAM systems. Efficient systems and high 
quality visualisation increase the possibility to speed up learning circle, and the individual 
programmer’s skill in controlling complex systems increase. 



5. CONCLUSIONS 

This paper presented the results of a research project that lead to a quantum leap 
improvement of the manufacturing of hydropower turbines. 

Improved machining strategies, e.g. parallel cut, constant gap strategy, 5-axis plunge 
cutting, were introduced that resulted in significant reduction of machining time for individual 
components of a turbine runner. In addition, a new manufacturing process, splitting the 
geometry of the runner into two halves, was presented. 

The paper finishes with reflections about the mechanisms that made the success possible. 
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A Generative Approach for Die Pattern Machining 
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Abstract: Manufacturing a press die for car body panel usually starts from making a Styrofoam pattern 

(for short, 'pattern') for lost wax casting process. Industry trend is to build patterns by NC 
machining. Since the mating planes for assembly or die face of casting stock are to be 
machined later, pattern should have some stock allowance on those surfaces, which can be 
as large as 12 mm. That means pattern itself can have fairly large amount of machining 
tolerance compared to die machining. Styrofoam is easy to cut, but fragile. Hence, the 
process planning for pattern machining should reflect some different aspects than that of die 
machining. In this paper, presented is the generative approach taken by Chrysler to create 
tool path to cut pattern from the CAD model of die. The approach includes steps of 1) 
feature recognition, 2) automatic process planning and 3) tool path generation. 

1. INTRODUCTION 

Usually major components of a stamping die are cut from the cast raw stocks, which are 
typically cast by use of lost wax process. Fig.l shows the overall process for stamping die 
manufacturing. The top layer of Fig.l shows the information flow, the middle layer shows 
sequential activities, and the bottom layer depicts physical materials. This paper is focused on 
the “pattern building” activity, the second box of the activity layer in Fig.l, which is to build a 
Styrofoam pattern (or just pattern for short) from the die model. Traditionally, pattern is built 
in manual manner while die design is done in paper drawing form. Recently, the technique of 
solid modeling is being widely used in die design, NC machining is becoming a strong 
alternative for pattern building. 

Fig.2 describes the detail process to build pattern by NC machining from the die model. 
Again, this paper is focused on the “NC programming” activity, the third box of the activity 
layer in Fig.2. The first step is to create the pattern model out of the die model by adding extra 
stock allowance on each face to be machined in die machining activity of Fig.l. Those faces 
include mating planes and die face. The amount of the stock allowance depends on the 
precision of basting process, and is usually around F 2 inch. Hence pattern machining may take 
a fairly big tolerance compared to that of die machining. 

The second step is to split the pattern model into slices that can be machined. The 
criteria for the location to split are 1) to minimize the number of slices, 2) to make the hidden 
features accessible by the 3 axis machine, 3) to fit in the limit of tool length and merchantable 
Styrofoam raw stock size, and 4) to avoid thin slice which can be broken during machining. 
For example, the punch model in Fig.3a can be built by 3 axis NC machining after slicing into 
2 pieces as in Fig.3b. Usually, a major component of drawing dies, such as punch, punch 
shoe, die, and die shoe, is split into 2~4 slices. 

The next two steps are to generate tool path and to cut each slice. Since Styrofoam is 
easy to cut but brittle, required is a different kind of process planning strategy than that of die 
machining. These steps will be elaborated in the following sections. 

After making slices by NC machining, the final step is to assemble the slices to make a 
pattern. In this step, pattern maker does a lot of jobs including, but not limited to, gluing the 
slices, making chamfers with the special chamfering tool, and filling gaps between slices if 
any. 

The rest of this paper will be devoted to NC programming for pattern machining. General 
purpose CAM system can be used for this job, but it is not efficient. Thus we developed a 




dedicated and fully automatic CAM system, called GPM(Generative Pattern Machining). 
Section 2 will describe the architecture of GPM, and in section 3 and 4 its key modules will 
be explained, followed by some examples and conclusion. 
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Figure 2. Pattern building process 



2. ARCHITECTURE OF GPM 

The purpose of GPM is to provide pattern makers with a handy tool which requires very 
little user interaction. GPM consists of two separate programs. One is the direct interface 
functions embedded in CATIA, which exports the part surface model and slice model of 
pattern into external file. The other is main GPM program, which reads the exported files in 
and computes the tool paths. The main GPM program is invoked by embedded interface 
function. In turn, GPM is made of 4 modules, namely 1) Z-map model construction, 2) 
feature recognition, 3) process planning, and 4) tool path generation. The latter 3 modules 
will be explained in the following sections. 

One of the reasons for exporting part surface is to help the pattern makers to add stock 
allowance for the part surface. Unlike the planar mating planes, the part surface (such as 
punch surface) is a very complex sculptured surface, and hence it is not easy to offset in usual 
manner. Hence we allow the user to leave adding stock allowance for the part surface to be 
done by GPM later. 
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(a) Punch 



(b) Sliced models 



Figure 3. Punch split into 2 slices 





Figure 4. Architecture of GPM 

Most of the slice models need two side machining, once from the top, and once from the 
bottom, and usually the bottom side needs to be machined first, especially when the top side 
has a sculptured surface. Otherwise, the setup operation for the bottom side machining 
becomes extremely hard. The 4 steps of GPM in Fig.4 is to be applied twice (bottom and top) 
for each slice. 

Since GPM converts the model into Z-map representation [1], the offsetting operation 
becomes easier [2]. Z-map is a discrete and approximate representation scheme storing the z- 
values of the model over a grid. The approximation error of Z-map scheme depends on the 
grid interval. As the grid interval becomes smaller, the approximation error becomes small, 
but more memory and computation time are required. Since the pattern machining has a big 
machining tolerance as mentioned above, usually 1mm of grid interval gives sufficient 
accuracy as well as acceptable eomputation time and memory requirement. 

Construction of Z-map can be done easily. First, read the part surface model and make z- 
map model out of it by triangulation of the part surface and evaluation of z-value at each grid 
point. Then, offset the z-map model by the stock allowance. Then read the slice model, 
which is polyhedral solid model, and update the z-map model by each face. 

3. FEATURE RECOGNITION 

In order to generate NC code from CAD data in automatic manner, machining feature 
recognition together with automatic process planning is an essential step. Various types of 
approach to feature recognition have been reported in the literature [4,5,6,?]. For the 
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comprehensive survey, the readers are referred to [7]. In this paper, feature recognition is 
performed in two phase manner, namely, 1) machining region identification, and 2) feature 
type classification. 

3.1 Machining region identification 

The first phase is to identify regions which need to be machined. According to the 
classification of machining region recognition methods described in [7], a sectioning method 
is used in GPM since it goes well with Z-map representation. After sectioning Z-map model 
by a series of planes parallel to XY plane, each Z-map grid point is marked by the layer 
number. Adjacent grids having same layer number are grouped to form a micro region. 
Adjacent micro regions having similar characteristics are merged to form a macro region. 
The macro regions are machining regions, except the top most regions coincident with the 
splitting plane which is obtained from the Styrofoam raw stock. 

3.2 Feature type classification 

The regions identified in the previous step merely show where to machine. In order to 
determine how to machine them, those regions identified are to be classified. In other words, 
the type of machining region is required to determine the machining sequence and the tool 
path type. In this application, the types of feature are predefined as follows (see Fig. 5) : 

a) Periphery : outer boundary of the slice 

b) Through hole : bottomless hole inside the periphery 

c) Pocket : a machining region with curved or planar bottom 

c-1) Closed pocket : a region totally surrounded by higher regions 

c-2) Partially open pocket : a pocket region with lower and higher neighbour 

d) Roof (totally open pocket) : a region that all its neighbour are lower than itself 

e) Special features 

e-1) Bolt slot : slot for a mounting bolt 
e-2) feature on a rib : slot or step on a rib 

It is worth mentioning that the shapes of special features are not much different from the 
others, but the location where the feature resides determines the special type features. For 
example, a slot on a rib looks like an partially open pocket, except that it is on a rib. The 
reason for differentiating special features is because they should be treated with care when 
process planning. 

4. PROCESS PLANNING AND TOOL PATH GENERATION 

Generally speaking, the process planning means 1) assigning a tool path type to a feature, 
2) determining the cutting tool and parameters such as tool path interval, and 3) sequencing 
the machining features. In this application, the tool path type is determined by the type of 
feature as depicted in Table 1 and Fig. 6, and the cutting tool is fixed as a 50mm ball end mill. 
Though the cutting load on the cutter or the machine hardly matters, the tool path interval is 
determined by compromising the machining time versus the cusp height, and from the 
experience it is set to 8 mm. 

Since Styrofoam is fragile, it is very important to have a proper machining sequence. In 
usual machining application, finishing after roughing is good for the machined surface quality. 
However, it is not a good idea for this application, because roughing will weaken the support 
structure such as a rib, which will make it wobble while being finished. It may result in a bad 
surface quality or a broken rib in even worse case. 
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Figure 5. Types of features 

Table 1. Feature type and corresponding tool path type (DW:->6) 



Feature type 


Priority 


Tool path 


Periphery 


2 


profiling 


Through hole 


2 


profiling 


Pocket 


Closed pocket 


3 


contour parallel pocketing 


Partially open pocket 


3 


direction parallel scanning 


Roof (totally open pocket) 


3 


direction parallel scanning 


Special 

feature 


Bolt slot 


2 j 


profiling 


Step/Slot on a rib 


1 


direction parallel scanning 



The machining sequence is determined by giving priorities to the feature types. For 
example, since a rib does not have enough strength, the features on a rib should be machined 
first, even before the rib is formed out of the block. The priorities for each feature types are 
shown in Table 1, meaning that the features with priority number 1 are to be machined first, 
then priority 2, and so on. The features with the same priority are ordered by solving 
travelling salesperson problem (TSP). In our implementation, a simple greedy-type algorithm 
is used, which may give the result far from the optimal solution. 




(a) profiling (^) Direction parallel (c) Contour parallel 

scanning pocketing 



Figure 6. Tool path types 

Periphery feature and through hole feature have the same tool path type (profiling) and 
the same priority. In most case, the profiling operations for those features are to be done from 
the top side. Especially, for the slice model with more than one lump, the profiling operation 
should be done from the top side after machining the bottom side in order that the lumps 
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remain in a single piece of Styrofoam block. When the row stock height of Styrofoam block 
is bigger than the effective tool length, the profiling operations can be done by half way depth 
from both side with a little overlap as depicted in Fig.7. 

With the process plan, tool path generation is an easy part. After obtaining the boundary 
curve of the machining region, the actual tool paths for features are computed according to the 
tool path type as shown in Table 1 and Fig.6. As for the detail algorithm for generating 
pocketing, scanning, and profiling tool paths, the readers are referred to [3]. Profiling tool 
paths are obtained by offsetting the boundary curve. Voronoi diagram can be used to get 
contour parallel pocketing tool paths. 




(a) Full depth profiling (b) Half depth profiling 

Figure 7. Profiling operation 




(a) Plunging approach (b) Spiral approach Sawtooth approach 

Figure 8. Approach motions 

Special attention should be paid to the approach motion. With a plunging approach 
motion, evacuation of the Styrofoam chips becomes a problem causing particles to melt 
together loading the hollow cutter. Instead, the spiral approach motion is used as much as 
possible. If the spiral motion is not available due to the space limitation in the approach area, 
the saw tooth approach is used, which is always possible. Fig. 8 shows these three approach 
motions. 

5. EXAMPLES 

Fig. 9 is a lower shoe model. Fig. 10 shows the features recognised from it, and Fig. 11 
reveals the tool paths for it. 



29 



Figure 9. CATIA model of a lower shoe 




Figure 10. Features from Fig. 9 

6. CONCLUDING REMARKS 

In this paper, we have shown the overall architecture of the software and details of the 
GPM (Generative Pattern Machining) system, which is in pilot at Chrysler Corporations 
Pattern Shop. 

GPM is a good example of CAPP/CAM integrated system. Previously die pattern 
programming and machining required a high amount of skill with CAD system and CNC 
machining was not always optimized. The objective was to lessen the amount of user 
interaction with both CATIA and third part software, limit the geometry creation needs by the 
user, and use best practices for machining die patterns. 
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Figure 11. Tool paths for the lower shoe in Fig.9 
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Abstract: When we are trying to shape a surface X by 3-axis milling, we encounter a list 

of problems: First we have to decide if locally the milling tool E is able to move 
along the surface such that its envelope during the motion is the given surface. 
This is a question involving the curvatures of X and E. Second, we want to 
avoid that while milling in one part of X, E intersects another, already finished, 
part of the surface. This is a problem which involves global shape properties 
of the surface and can be successfully attacked by considering the general offset 
surface of X with respect to E. Third, in practice a cutting-tool is not able 
to perform a 2-dimensional motion along a surface. It has to trace out a finite 
number of piecewise smooth paths such that the resulting surface does not dif- 
fer from X too much. This question again involves, in the limit case of very 
small error tolerance, only the curvatures of X and E. If we allow larger scallop 
heights, the path finding also requires the study of local and global properties. 



Recently we have studied the problem of locally and globally collision-free milling 
of sculptured surfaces [6, 14]. It turned out that if some conditions on the curvature 
of the surfaces involved are fulfilled, we can show that locally, and in certain cases 
also globally, no unwanted collisions of the cutting-tool with the surface occur. The 
present paper is summing up our previous results and also deals with the problem 
of determining tool paths such that the actually shaped surface is within some error 
tolerance from the given surface X. 

If we are given a surface X, we have to do the following: 

1. Test whether or not a given cutter is able to mill the given surface locally. 

2. Test whether or not a given cutter is able to mill the given surface globally. 

3. Select an optimal cutter E from a given set of available cutting tools. 

4. Find curves ci , . . . , Cr such that the cutter E, while moving along these curves, 
shapes a surface X which lies between X and its outer parallel surface at 
distance e. 

The next sections contain a description of phenomena which occur in this context. 
We closely follow [6]. 




Local Properties of Smooth Surfaces 



We are going to describe the background and the mathematical foundations of the 
local millability test when restricted to smooth surfaces, which consist of (7^ patches 
with join. Non-smooth surfaces will be considered in the next section. 

We denote the surface by X and the cutter by S. X is the boundary of a solid, 
and we speak of the solid as of the interior of X and will call the ambient space the 
exterior of X. The cutting-tool is a convex body of rotational symmetry. The rotation 
of the cutter around its axis, however important for the mechanical engineering aspect 
of the problem, can be completely neglected from the geometric point of view. The 
actual cutter generates a surface of revolution by its rotation. It is this surface which 
we consider in this paper. We restrict ourselves to the case of convex cutters, that is, 
the line segment which joins any two points of S is completely contained in E. We 
additionally assume strict convexity which means that no line segments are part of 
the boundary. An actual cutter which contains cylindrical or planar parts is easily 
approximated by a strictly convex cutter. Because all our problems (collision, error 
tolerance) can be formulated in terms of distance only, and do not need derivatives, 
this is justified. 

While milling the surface X, the surface E undergoes a translational motion such 
that the resulting envelope is just the given surface X. This translation is described 
by E !-)■ E -f- p, where g denotes the vector of the translation. For all p G X there is 
exactly one point g in E such that the oriented normal vector in p (pointing to the 
outside) equals the negative oriented normal vector (pointing to the inside) of q. The 
translation vector is given hy g{p) = q — p. The new position E + g(p) is denoted by 
E(p). 





Figure 1: Cutting-tool S touching Figure 2: Indicatrix iq contained 
the surface X. in the interior of ip. 

To examine the local behavior in a neighborhood of the touching point, we choose 
a reference plane such that locally both surfaces are graphs of real-valued functions 
/ and s, respectively. Of course this does not mean that the surfaces X and E must 
from the beginning be given as graphs of real- valued functions. If the tangent plane 
is not orthogonal to the base plane, it is always possible to re-parametrize both X 
and E locally such that they become graph surfaces. 

Because the graphs of / and s touch each other, we have for all vectors v equality 
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of first directional derivatives: 

S,v = f,v (1) 

We say that X is locally millahle by E at p, if there is a neighborhood of p such that 
in this neighborhood the translates of E which touch X there locally do not interfere 
with the interior of X. It is easy to see [12, 14] that we have local millability, if the 
difference of the Hesse matrices 

Tj TT I ^xx fxx Sxy fxy 

~ ^ ^ is — f S — f 

y Oxy Jxy Oyy Jyy 

is positive definite. In Equ. 2 the double subscripts denote second partial derivatives. 

There is an equivalent condition in terms of the oriented Euclidean curvature 
indicatrices of X and E, which are preferable from the theoretical point of view. This 
is because they do not depend on a local parametrization as a graph surface. For 
the definition of the indicatrix, see any textbook of differential geometry, for example 
[4]. It may be seen as the limit of the suitably scaled intersection curve of a surface 
with a plane r parallel and close to a tangent plane r. In our case we use oriented 
indicatrices: We translate r in direction of the positively oriented normal vector of X 
and the negative normal vector of E. 

We define the interior of the indicatrix ip as the star-shaped (with respect to the 
origin) domain, whose boundary is ip. It may be the whole plane. 

The proof of the following is an exercise in differential geometry [4]: 

Proposition: A surface is locally millable if and only if for all corresponding points 
p G X and q = q(p) E the indicatrix iq is contained in the interior of the indicatrix 
ip (see Fig. 2). 




Global Properties of Smooth Surfaces 

We repeat a list of cases given in [6, 14]. In order to formulate global millability 
conditions we make use of the following 

Definition: The surface F which is traced out by an arbitrary fixed point of E during 
the motion of E is called general offset surface [1, 2, 7, 6, 13, 14] of X with respect 
to E. 

Using elementary methods of geometric topology (degree of maps, homotopy, 
covering maps), it is possible to show [14] that the following is true: 

Proposition: Let X be a smooth surface consisting of (7^ patches. 

1. If X is locally millable, the parametrization of F is regular and orientation 
preserving. 

2. If the surface F has no self-intersections, then X is globally millable by E. 

3. Let X be such that it can be re-parametrized as the graph surface of a com- 
pactly supported smooth function defined in the entire plane. If X is locally 
millable, then also globally. 

4. Let X be such that it can be re-parametrized as the graph surface of a smooth 
function defined in the entire plane. If E possesses steeper tangent planes than 
X (This is always the case if E has an equator circle) , then the local millability 
of X implies the global millability. 
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5. Let X be such that it can be seen as the graph surface over a piecewise smoothly 
bounded planar domain D. If the ‘top view’ of E is a closed symmetric convex 
domain S and the general outer parallel curve D + S is free of self-intersections, 
then the local millability of X implies the global millability. 

6. If X is strictly star-shaped with respect to an interior point, then local milla- 
bility implies global millability. 

In most applications we have one of the cases listed in the proposition, most 
frequently perhaps case 4. In most cases 5 is a disk and the condition is easily 
verified, (see Fig. 3). 




Figure 3: Milling a surface with boundary. 



Non-smooth Surfaces 

If the surface is not smooth, but continuous and piecewise , we are still able 
to give local and global millability conditions. The first possibility to overcome the 
non-smoothness is to consider instead of X an outer parallel surface at distance e. 
This surface is and the previous proposition applies. Because collision tests involve 
distance information only, the limit e 0 gives the exact result. 

Another method, which is better for computational purposes, is the following: 
An edge e where X is not smooth, is either a ravine or a ridge. Ravines can never be 
milled exactly by smooth cutters, so we leave them aside. For a ridge this is possible. 
It is easy to derive the following criterion for local millability in the neighborhood of 
a point p which is situated on an edge c: Write X and E as graph surfaces. The ‘top 
view’ of the edge c is denoted by c^ It has a parametrization c' : t C 2 (t)). 

The edge itself has a parametrization of the form c : t (ci{t),C 2 (t),cs(t)). Then E 
locally does not interfere with the edge if the inequality 

{cY' Hs{q)c + grad(s(g)) ■ c > cs (3) 

holds for all points q which have the property that E can be translated such that q is 
translated to p and E(p) touches X at p. 

It can be shown [14] that here also the local millability implies the global one, in 
all cases listed in the proposition above. 
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Test for Millability of a Smooth Surface 



In this section we are going to describe how to test whether a given cutting-tool 
is able to mill the surface X. The cutting-tool contains circles in parallel (‘horizontal’) 
planes, which will be called parallel circles. The tangent planes Tp of the points q of 
such a circle c enclose the same angle 

ip-l{Tg,a) (4) 

with the axis a of the tool. The points of the surface X which will during the 
manufacturing process be in contact with the points of the circle c, are precisely the 
points on the isophotic line which belongs to the angle 'ip and the direction of a 
[10]. The curve l^ is defined as the set of points p of X whose tangent planes Tp 
enclose the angle ip with the axis a. 

As discussed above, the condition for collision-free manufacturing of X can be 
expressed in terms of the Euclidean curvature indicatrices ip and iq of corresponding 
points p G S and q = q{p) G X: The surface is locally (and hence, globally) millable 
if and only if the indicatrix iq is contained in the interior of ip. 

The indicatrices of all points g of a parallel circle c are the same (up to rotation 
of E), so we can speak of the indicatrix iq = ic of the points of c. The connection 
between the various tangent planes of c is given by the cutter’s rotation around the 
axis a. The connection between the various tangent planes along the curve l^ is given 
by the condition that when moving along l ^ , the horizontal line in the tangent plane 
stays horizontal. 

This now makes it possible to re-formulate the condition that for all points p G l^ 
the interior ip must contain ic'. We identify all tangent planes along l^ and intersect 
the interiors of the indicatrices ip. This gives the region I^p. Local millability is now 
equivalent to ic C . 

This is implemented easily if we exploit the fact that all are the intersection 
of domains which are star-shaped with respect to the same point. 



Test for Millability of a Non-Smooth Surface 

First we have to say something about the isophotic lines in the presence of edges. 
For this purpose it is best to think of l^ as a set of surface elements {p,Tp), where a 
surface element is a pair (point, tangent plane). This makes it possible to simplify 
the notation in cases where a point has more than one tangent plane. 

If p is situated on an edge e of X, there is a wedge Tp of admissible tangent 
planes. There are up to two planes in Tp which enclose the angle ip with the axis a. 
Thus the isophotic line l^ can contain up to two surface elements {p,Tp). For each 
of them it is possible to define a substitute indicatrix of curvature ip,r (see [6]) such 
that the test for millability now runs in exactly the same way cis in the smooth case. 
For all angles ip we have to test if ic is contained in where c is the parallel circle 
which belongs to the angle ip., and 7^ is defined as 



Cutter Paths 

Having shown that the milling-tool S is able to shape the surface during a two- 
parameter motion, we have now the problem that in practice E cannot trace out the 
entire surface in finite time, but only a finite number of piecewise smooth curves. 

There are many publications concerning these tools paths, see for example [3, 5, 
8, 9, 11, 15, 16]. What we want to do, is to show how to find the best tool paths 
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Figure 4: Surface produced by ac- Figure 5: Surface X, cutter S, 

tual cutter (false proportions) outer parallel surface, and actu- 
ally shaped surface (dark grey). 



locally, and how to find new or to modify existing global tool path schemes. We do 
this by specifying curves on the surface, which will be the locus of points where the 
cutter touches the surface X. The actual position of the cutter is easily calculated 
from these curves. 

We specify a small error tolerance e and require that^ is to move along piecewise 
smooth curves, thereby shaping an approximate surface X which has to be contained 
between X and its outer parallel surface at distance e. (see Fig. 5). 

We will consider the geometry of the tool trajectories only, not the parametriza- 
tion of the tool paths or the velocities of the tool. For example, the difference between 
‘isoparametric’ and ‘non-isoparametric’ tool paths is not a geometric or shape prop- 
erty, it is a property of the parametrization. 

Also, we do not study the possible limitations of actual CAM systems, such as 
the unability of using curves other than straight lines or memory restrictions. For 
instance, we do not think of discretizing our curves. These problems have to be solved 



by those who wish to implement new or use existing software. 

In a neighborhood of a point p E X we can always write both X and S(p) as 
graph surfaces: 

X:z = f{x,y), T,(p) : z = s{x,y). (5) 

Also the outer parallel surface can be written as a graph surface locally. A good 
approximation is 

X : z Si f{x,y) + e/ cos a{x,y), (6) 

where a{x^y) is the angle which the tangent plane at p encloses with the z = 0 plane: 



cos a{x, y) = \ j\/ fl + /| + 1. (7) 



The ‘top view’ of the intersection curve of E(p) with the outer parallel surface then 
is approximated by the top view of the intersection curve of the difference graph (see 
Fig. 1) z = s{x,y) — f(x,y) =: d{x^y) with the surface z = ej cos a{x^y). For small e 
we can use the Taylor expansions of S and X to avoid the surface-surface intersection: 
If we intersect the Taylor expansion of d{x^ y) with the plane z — ej cos a(0, 0) we get 
the region 

i(p) : (x, y){Hs - Hf)(x, yf < ej cos a(0, 0), (8) 
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which is the interior of an ellipse. This ellipse is the ‘top view’ of a certain region 
I{p) on the surface X which is a first order approximation to the actual intersection 
of the cutter and the outer parallel surface at distance e. 

Our aim is to use as few milling paths as possible to cover the entire surface. 
Locally, this is done as follows: We start at the point p and move along a curve c, 
thus defining the approximate machining strip 

U^(p) (9) 

p^C 

on the surface which is formed by the union of all regions I{p) for all p ^ c. The 
meaning of the approximate machining strip is the following: For all points inside 
the strip, the enveloping surface of the cutter moving along the path differs from the 
given surface X not more than the given value e, up to errors of second order. This 
means that inside the strip the surface is already approximated well enough. We now 
want to determine the curve c such that the machining strip has maximum width (see 
[ 8 ]). 

It is not so easy to write down the actual width of the machining strip, because the 
boundary of the sets I{p) may, in principle, touch their envelope, i.e., the boundary 
of the machining strip, in up to four points. Even this does not happen in practice, 
it indicates that the equation behind it is of order four. Thus we are satisfied with 
a first order approximation: We measure the dimensions of the ellipse I'{p) in the 
tangent plane of p, whose top view coincides with i{p). If the curve c is such that its 
tangents coincide with the direction of the minor axis of I'(p), then the approximate 
machining strip will have maximum width (more precisely: our approximation of the 
width will reach its maximum). 

In the parameter plane, the directions of the major and minor axes are given by 
the eigenvectors of the matrix G~^(Hs ~ Hf), where 



G = 



1 + /a; fxfy 

hfy l^fy 



( 10 ) 



is the matrix of the first fundamental form of the surface 2 : = 

If to each point we add a tangent vector pointing in the direction of the minor 
axis, then integrating this vector field gives a curve with maximum machining strip 
width, which obviously is our first choice for the cutter path. 

Having chosen the first path, we choose the neighboring paths under the following 
side-conditions: The machining strips defined by the paths shall cover the entire 
surface, although the strips should not overlap each other too much (Fig. 6). Also 
the direction of the strips should differ not too much from the direction of the optimal 
path. 

If it is no longer possible to adjoin a cutter path to an already calculated sequence 
of cutter paths such that the width of the machining strip is satisfying, we start again 
with a new cutter path found by integrating the vector field of minor axes, and repeat 
the process. Thus eventually the whole surface will be covered by different regions of 
‘parallel’ cutter paths, one of which is optimal. 

If we want to use a prescribed global scheme for the cutter paths, such as shown 
in Fig. 8, we are still able to make use of our results: In every point we can evaluate 
the necessary width of the machining strip and thus determine the optimal distance 
of a tool path to its immediate neighbor (which may be an earlier part of the same 
tool path), thus optimizing the given scheme. More detailed investigations and the 
actual design of algorithms are a topic of future research. 
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Figure 6: Overlapping Figure 7: Cutter surface E (top), surface 

machining strips. X, negative difference surface (bottom) 




Figure 8: Milling path schemes. 
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Abstract: The efficiency of multi-axis NC machining of sculptured surface parts is significant because 

the equipment is very expensive and typically highly utilized, requiring capital expenditures 
proportional to machining time per part. The paper describes a general approach for 
calculation of the productivity of multi-axis NC machining of sculptured part surfaces. 
Equations are derived to estimate the productivity of rough and finish machining and to 
calculate maximum feed rates. A new type of function (called the function of conformity of 
a sculptured surface to be machined and machining surface of the tool) are introduced as 
geometric analogs of productivity of part surface machining. This function considerably 
simplifies the analytical description of the geometric and kinematic aspects of the process of 
multi-axis machining and allows calculation of optimal parameters for the machining 
process. 



1. INTRODUCTION 

The efficiency of machining of surfaces is a critical factor in many manufacturing 
processes. Most efficient machining means the cheapest machining of the parts with the 
required dimensions, tolerances and quality in the shortest time (Amirouche, 1993; Bollinger, 
et al, 1988; Chen, Y.D., et al, 1993; Gregory and Ozsoy, 1987; Radzevitch, 1991; et al). 

The efficiency of NC machining of sculptured part surfaces on multi-axis machine tools is 
an important cost component of many manufacturing processes. There are numerous 
approaches to evaluate machining efficiency. The most general criterion is the expense of 
machining parts of a specified quality. An economic approach to multi-axis NC machining of 
sculptured part surfaces has been developed (Ludema, et al, 1987). This provides a good 
criterion applicable for any type of machining and yields quite accurate results, but it is quite 
complex, and its analytical description is bulky, so it is not widely applied. There is another 
criterion for machining efficiency - the machining time per part. This criterion has a simple 
analytical description, but its application is restricted to comparison of the efficiency of 
machining of the same, or at least similar, part surfaces. 

There are many ways to evaluate and increase the efficiency of multi-axis NC machining 
of sculptured part surfaces. Optimal rough machining of sculptured parts on a CNC milling 
machine was studied by (Dong and Vickers, 1993), using a least machining time approach. 
The method considerably improved productivity and reduced production costs. Research on 
the kinematics of three- and five-axis CNC machining (Chou and Yang, 1991 and 1992) has 
improved the efficiency of machining operations. Other investigations shared similar goals 
(Philpot et al, 1995; Suresh and Yang, 1994; Vichers and Quan, 1986; Wang et al, 1987; 
You and Ehmann, 1989 and 1991; Oliver, 1992; Oliver and Goodman, 1990; Oliver et al, 
1993). 

Because multi-axis NC machine tools are expensive and process planning for sculptured 
surface machining is also expensive, the conditions for lowest cost machining are very close 




to the conditions for machining with highest productivity. This considerably simplifies the 
analytical description of the criteria for optimality of parameters of the manufacturing process. 
Let us consider productivity of part surface machining as a criterion for efficiency of multi- 
axis NC machining of sculptured part surfaces. 

2. PRODUCTIVITY OF MULTI-AXIS NC MACHINING OF 
SCULPTURED PART SURFACE 

The productivity of machining of sculptured surfaces is the resultant generalized 
characteristic of the integral of the influence of the cutting tool on the workpiece. Productivity 
of multi-axis NC machining of sculptured surfaces - i.e., productivity of rough and finish 
machining - is quite different from the economic criterion for machining. But this 
productivity measure is accompanied by cutting forces and other dynamical parameters of the 
machining process which directly influence the efficiency of manufacturing parts with 
sculptured surfaces P. 

There are many ways to increase the productivity of machining of sculptured surfaces. 
One can increase the speed of cutting, to work with higher feed rates, etc. Let us consider 
geometric and kinematic aspects of the problem of increasing the productivity of the 
machining process - there are many possibilities not often exploited. 

2.1. General aspects. 

In multi-axis NC machining of sculptured part surface P\ 

the part surface P and machining surface T (of the tool) are usually tangent at a 
point of contact K; 

the cutting tool passes through the part surface P to be machined by different tool 
paths; 

part surface p is generating during the machining process as the locus of numerous 
different toolpaths. 

Accordingly, it is convenient to introduce three different levels of productivity of multi- 
axis NC machining of sculptured part surface: instantaneous, regional and global productivity 
of machining, respectively. 

Definition 1. Instantaneous productivity of machining is that productivity (of multi-axis 
NC machining of sculptured part surfaces) with which an entire surface P can be machined 
if all parameters of the machining process remain fixed. 

Instantaneous (or local) productivity of machining characterizes the efficiency of multi- 
axis NC machining of a sculptured part surface P at each instant of the manufacturing process. 

Definition 2 . Regional productivity of machining is an average productivity of multi-axis 
NC machining along each tool path on sculptured part surface P. 

Definition 3. Global productivity of machining is the average productivity of multi-axis 
NC machining of the entire part surface P. 

In global productivity, we take into consideration the partial interference of toolpaths, the 
influence of part surface boundaries (i.e., conditions of the cutting tool entering and leaving 
the workpiece), location of the starting point, etc. 

We need these definitions because in multi-axis NC machining of sculptured part surfaces, 
the parameters of the machining process are variable, so it is possible to consider any of these 
productivity measures in planning the process. 

The main efficiency goal is to reach extremely high global productivity of multi-axis NC 
machining. Optimization of the parameters of instantaneous and regional productivity helps 
reach this goal. The value of the instantaneous productivity Ej of machining depends on the 

values of feed rates along and across the direction of the toolpath, respectively, and 
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the angle 9 between the directions of the feed rates and Sc (Fig-l)? and equals the dot 
product: 

£/ = = l^z, I ■ I ■ sin ^ ^ ^ ^ 

Here we consider vectors and Sq as vectors tangent to the part surface P at the point 
K of its contact with the machining surface T of the tool. 




Figure 1. Multi-axis NC machining of sculptured part surface P. 

Obviously, increasing the values of the feed rates and Sq leads to an increase in the 

instantaneous productivity Ej . Any deviation of the angle 9 from £ leads to a decrease in 

2 

instantaneous productivity. Usually, angle ^ , and in this case, Eq.l simplifies to: 

2 

£, =Si-Sc=|Si|-|Sc|. (2) 

At each instant the values of parameters Sj ^ , and 9 at each point K of contact of 

surfaces P and T depends on the differential properties of these surfaces and of the value of 
the tolerance [h\ for machining accuracy. The value of the tolerance [h] is typically chosen as 
constant, and equal to the tolerance at the points on the part surface P at which the resultant 
deviation is maximal, or at the area of surface P where the accuracy must be highest. 

However, for some applications, larger tolerances are allowable at other points, and setting a 
variable tolerance for different regions of the part surface may allow increased productivity. 
The value of tolerance [h\ must be variable, depending upon the location on the part surface P, 
i.e. 

[h]=[hlUp,V,). (3) 

Here we assume that part surface P is defined by a vector equation 

rp=rp{Up,Vp), (4) 

where Vp - is a position vector of a point on a part surface P\ 

Up,Vp - are curvilinear (Gaussian) coordinates of a point on part surface P. 
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Because the machining surface T of the tool does not exist per se, but is a virtual surface 
composed of surfaces defined by the sweep of the series of the tool’s cutting edges, and 
because the contact of the surfaces P and T usually occurs at a single point, K, the resultant 
machining error can be represented as a sum of two errors: 

error , which is caused by the finite number of cutting edges of the tool; 

error Hq , which is caused by the instantaneous contact of surfaces P and T at a 

single point K. 

That is, the machining error can be approximated as: 

= ^Z, + ^C. (^) 

Eq.5 is an approximation because hi and h(j are nonlinear functions of Up and Vp , so 
the principle of superposition of the deviations hp and holds only approximately. 
Tolerance [h] on the resultant error of part surface machining can be distributed between 
two tolerances [/z^] and [/z^] on the errors and Hq , respectively (how to do this is the subject 
of another paper). So 

[h\=[h,]+[hc]= x[h]+{\- x\h] ( 6 ) 

where ;^ = 0 . . . 1 is some value, usually constant. 

Clearly, the values of feed rates Sp and depend on the tolerances \hp ] , \hc\ and 

W: 

That’s why the instantaneous productivity Ej of the machining of the part surface 
depends on the values of partial tolerances \hp ] and \hc\ as well: 

Ei=Ejlhp\[hc]]-Ej{x[hl ( 8 ) 

The resultant [/z] and partial \hp\ and [/z<-] tolerances can be constant or variable 
throughout the entire part surface P (in the second case, parameter x becomes variable). In 
the first case, values of the tolerances \hp ] , [/z^ ] and [/z] must be known; in the second, the 
functions 

[h]=[h]{u„v,), 

[hL]=[hL]{Up,V,\ ( 9 ) 

[hc]=[hc][Vp^yp)- 

must be known. A detailed analysis (Radzevich, 1991) shows that in the general case, the 
instantaneous productivity of multi-axis NC machining of sculptured part surface P can be 
analytically described as a function of the following geometric and kinematic parameters of 
the machining process: 

E = E{[h\ S,;Sc; Rp,p ; Rp,c ; Rpt ; Rpc \V p-,Vp-,Uj-Vp-(p-, //; ^ } (10) 

where Rp p and Rp ^ - are the radii of normal curvature of part surface P in the 

directions of feed rates Sp and , respectively (see below); 

Rjp and Rpc ~ fhe similar parameters of machining surface T of the tool; 

Up and Vp - are curvilinear (Gaussian) coordinates of a point on machining surface of a 

tool; 

^ - is the central angle determining the direction of the normal plane the point M at 
which the radii of normal curvatures of surfaces P and T are measured; 
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// - is the angle of local relative orientation of surfaces P and T\ this is the angle between 
the first Cj p and Q j or between the second C2 p and C2 p principal directions of the 
surfaces P and T at point K of their contact. 

^ - is an angle in the tangent plane determining the direction of feed 

rate Sp (see below). 

Extremely high instantaneous productivity of machining is a necessary (but not sufficient) 
condition for the highest regional productivity of multi-axis NC machining of sculptured 
surfaces. Highest regional productivity of machining is a necessary (but not sufficient) 
condition for extremely high global productivity of multi-axis NC machining of sculptured 
surfaces. 



2.2. Productivity of rough multi-axis NC machining of sculptured surfaces. 

Productivity of rough multi-axis NC machining of sculptured surface P is equal to the rate 
of stock removal from the workpiece per unit time, and it determines the intensity of the 
machining process. 

Definition 4. Productivity of rough multi-axis NC machining of sculptured part surfaces 
is the volume of stock removed from the workpiece per unit time. 

To calculate productivity of sculptured part surface machining it is necessary to know 
(usually in a vector form) the equations defining the initial surfaces of the workpiece and the 
equations defining the part surface P to be machined, which must be given in a common 
coordinate system. Productivity of rough part surface machining can be evaluated as the 
average productivity E p , which is equal to 



£p=- 



( 11 ) 



where - is the volume of stock removed from the workpiece in time t . 

There’s another approach to determine the productivity of part surface machining. The 
main goal of rough multi-axis machining of sculptured part surface P is to remove stock with 
the highest productivity in the shortest period of time. Instantaneous productivity Epj of 

rough machining of a part surface can be determined by the volume of stock removed from 
the workpiece at each instant, and is equal to; 

( 12 ) 






dt 



where ^ - is time. 

An infinitesimal element of stock volume dv^ may be defined by the formula 

dv^ = S -hp ‘ dFp, (13) 

where S ~ is thickness of the stock removed from the workpiece in the machining 
operation (S is usually constant, or at least approximately constant, but in the general case, 

S = s{Up,Vp)); 

Fp - is a vector element of the patch of part surface P to be machined; 
hp - is the unit normal to the part surface P, which may be calculated as: 



dkp drp 
dUp 



drp drp 



dUp dVp 



drp 


drp 


dUp 


'' dVp 



(14) 
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where Ep, Fp,Gp - are the Gaussian eoeffieients of the first fundamental form Ojp of 
part surface P; they are calculated by formulas in (doCarmo, 1976; Gauss, 1828; Struik, 1961). 




Vector element Fp of a patch of part surface P to be machined is calculated by the 



following formula: 



dFp = 



dfp d?p 

dUp^W~p 



\dUpdVp. 



(15) 
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Let us designate the product S-Up in Eq.l3 as Sp . Obviously, the direction of vector 

Sp is the same as the direction of the unit normal vector rip . Vector Sp is a vector of 
workpiece stock. Its value can be calculated by the formula 

Sp =rw 1 

where - is the position vector of a point on the workpiece surface W determined by 
the equation 

Ffp = Ffp(Ufp, Vfp). (17) 

Here (Fig. 2) U^, are curvilinear coordinates of a point on a surface of workpiece W. 
Note that the position vectors Fp and must be defined in a common coordinate system - 
for example, in the coordinate system XpYpZp of the part surface P to be machined. 



Integrating the Eq.l3 about the surface patch |Fp| we can derive the equation for calculating 
the volume of stock removed in the machining operation: 



- \^p ‘ ’ 

I^'fI 



dFp 



dF) ^ 



dUp dV, 



IdUpdVp 



(18) 



pj 



In Eq.l8, the values Fip, S, Fp are functions of the parameters Up,Vp , i.e. 

Hp — Hp P i p\ 

S = S{Up,Vp}, (19) 



Pp =Pp. 

In the case of multi-axis NC machining of sculptured part surfaces P with constant stock, 
Eq.l8 may be simplified. Because the productivity of part surface machining depends on 
machining time, it is necessary to change the parameters Up , Vp into new parameters. The 



first of the new parameters must be the machining time, and the second, some other parameter 
— for example, it is convenient to use as a second new parameter one of the boundary curves 
of the part surface P. We obtain: 



Up=Up{Up,Vp), 

Vj,=V,{Up,Vp), 



( 20 ) 



where t - is machining time for part surface P; and IF - is some new parameter (Fig.3). 



The Jacobian of transformation in Eq.20 is equal to 



dUp 


dUp 


dw 


dt 


dVp 


dVp 


dw 


dt 



( 21 ) 



Here we consider only the area of part surface P where sign of the Jacobian (21) remains 
the same. According to Eq.l2, and using the resulting Eq.21, productivity of rough multi-axis 
NC machining of sculptured surface P can be calculated by the formula 



: J «p 



•5'- 



dFp 



dF^ 






IdUpdVp 



( 22 ) 



^dUp dVp ^ 

where {t) and W 2 (t) - are the limit values of the parameter w along the curvilinear 



coordinate line; t = Const , corresponding to boundaries of a patch of sculptured part surface 
P to be machined (Fig.3). 
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There is yet another approach to calculating the productivity of multi-axis NC machining 
of part surfaces P. For this purpose, let us consider a surface of cutting C -- i.e., the surface 
along which the chip separates out of the workpiece and which is a locus of lines of contact of 
the workpiece and the cutting tool. Position vector of a point of the surface of cutting can 

be determined as the locus of the cutting edges of the tool in its motion relative to the 
workpiece. According to this statement, two different formulas to calculate the productivity of 
rough multi-axis NC machining of sculptured part surface P are available: 

first case: for part surface machining by the cutting tool with continuous machining 

surface of the tool T (for cutting tools like grinding wheels, etc.); 

second case: for part surface machining by cutting tools for which surface T is formed by 
a finite number of separate cutting edges of the tool. 

In the first case, the equation of the surface of cutting can be written in the form: 

7c=7r{Uc,Vr,t,\ (23) 

where r^ - is the position vector of a point on the surface of cutting; 

Uj,Vj - are curvilinear (Gaussian) coordinates of a point of machining surface of 

the tool; 

^0 - a fixed moment of time t . 




Figure 3. For reparametrisation of the same patch of part surface P: transformation of 
{u p, ) -parametrisation to (wT)-parametrisation. 



The vector element of the patch of the part surface P in this case is equal to 



dFp = 



drc 

— — - 
dUr dVr 



■dUcdVc, (24) 

where Uq,V(p - are the curvilinear (Gaussian) coordinates of a point on the surface of 
cutting. 



In the second case, the equation of the surface of cutting can be written in the form: 






:("c>4 



(25) 



where - is a coordinate along the cutting edge of the tool. 

The vector element of the patch of part surface P in the second case is equal to 



dFj. 



drp 



dr I ^ 



dUp dV, 



■dUcdt. 



(26) 



p J 
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The vector element moves through a volume of stock and removes in a unit of time an 
infinitesimal portion 

dP^=Vc-dF;, (27) 

where ^he velocity of the element dFp through the stock relative to the 

workpiece. 

The velocity V(j is defined by differentiating of the position vector rp with respect to 
time t 

drp 



dt 



(28) 



As a result, productivity of rough multi-axis NC machining of sculptured part surface P 
by one tooth of the cutting tool is equal to 



E„(t)= j dE^=jj^p;. 



(29) 



For a cutting tool with multiple cutting teeth (for example, a milling cutter) Eq.29 
transforms to 



En{t)= 1 ^Fpj, 

where m - is the number of teeth which cut the stock simultaneously; 
Fp j - surface of cutting of the y-th tooth. 



(30) 



2.3. Productivity of finish multi-axis NC machining of a sculptured part surface. 

The rate at which the completed area of machined part surface P increases is determined 
by the productivity of finish multi-axis NC machining of sculptured part surface Ep . 

Definition 5. Productivity of multi-axis NC machining of sculptured part surface is the 
area of part surface P generated on a machine tool in a unit of time. 

Here we consider not the real, but rather the nominal area of sculptured part surface P\ we 
neglect the cusps on the real part surface (which give the actual part a larger surface area than 
the nominal part). One of the measures for evaluating efficiency of finish machining of a part 

surface is the average productivity Ep , which is equal to: 




where ^Fp | - is the area of part surface P to be machined. 

Productivity of finish multi-axis NC machining of sculptured part surface P can be 
evaluated by more exact criteria - by instantaneous productivity of finish part surface 
machining Ep , which is equal to 



Ef- 




(32) 



In the case that 




= at , where a is constant, the following relationship holds: 



Ep = Ep = a . 

In the general case of finish multi-axis NC machining of sculptured part surface P, 
productivity of machining can be evaluated exactly taking into account the dependence of 
Ep on time t\ 
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Ep - Ep (/^) . 

For a part surface P defined in vector notation by Eq.4, the area can be calculated as: 



dfp drp 



■dUpdVp=\\^[EGEEj -dUpdVp. 



p;|= j 

lfpl 

After changing the parameters as in Eq.20, the area can be calculated as: 



(33) 



-WppGp 



■F^\j[dtdw, 



( 34 ) 



where the Jacobian of the transformation is calculated according to Eq. 21. 

According to the result in Eq.34, productivity of finish multi-axis NC machining of 
sculptured part surface P (Eq.32) can be calculated by the following formula: 



E,{f) = 



I r, , 

I ,jEpGp-E^jjj-dw. 

>q(/) 



(35) 



In deriving Eq.22 to calculate productivity of rough machining and Eq.35 to calculate 
productivity of finish machining, we have neglected the cusps on the part surface, which 
increase the area of the actual part surface P. We have neglected the volume of the cusps as 
well, which influences the volume of stock removed. These do not appear to yield significant 
errors in the calculations. 



3. MAXIMUM VALUES OF CUTTING TOOL FEED RATES 

The above approach of determining the productivity of multi-axis NC machining of 
sculptured part surfaces made the problem solvable for any case of machining. The simple 
equations above are exact and can be developed in more detailed formulas which take into 
account the features of any particular type of machining to be performed. But an engineering 
approach of estimating the productivity of multi-axis NC machining of part surface P is 
available, as well. 

In multi-axis NC machining of sculptured part surface P, two different kinds of feed rates 
are applied: 

the feed rate along the toolpath, and 

the feed rate across toolpaths (i.e., stepover). 

The values of feed rates and Sp are calculating according to the tolerance for the 
machining operation, \h \ ; the resultant error of part surface machining, , must be less than 
or equal to the tolerance (/z^ < [/z]) . To calculate values for cutting tool feed rates, it is 

necessary to take into account the constant and variable parameters of the machining process, 
as well: the principal and normal curvatures of surfaces P and Tat their point of contact, the 
local relative orientation of surfaces P and T at the instant of generation of surface P, the 
parameters of the instantaneous relative motion of surfaces P and T, etc. In the case when a 
cutting tool with a discrete surface T is used (for example, milling cutters etc.), the features of 
generating of the discrete part surface P must be taken in to account. 

An important parameter of multi-axis NC machining of sculptured part surfaces is the 
width of toolpaths, Sp . Exact evaluation of the extreme value for toolpath width is a difficult 
and complicated problem, involving the necessity to make bulky transformations. To 
simplify solution of the problem, let us assume that at a length equal to Sp , curvature of the 
plane intersection of a part surface P in the direction of Sp is constant, with bias equal to 

zero. Such an assumption considerably simplifies solution of the problem under consideration, 
and allows study of the problem at each instant in a plane instead of in 3-space. This 
assumption is acceptable because the width of the toolpath is much less than the radius of 
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normal curvature of part surface P at each point of contact of surfaces P and T\ that means the 
deviation of the result from an exact solution will be insignificant. 

The instantaneous value of toolpath width is measured in direction S(^ , and is equal 
to = lORp Q, where 6 is half the central angle between points A and B (Fig.4) and Rp(p 



is the radius of normal curvature of part surface P in the direction of feed rate Sq . In 



accordance with the assumption above, and using the theorem of cosine value of an angle 0 , 
we obtain: 



6 = arccos- 



■[//cPp.c+0.5[Ac]) 



{Rpc + Rtc \Rp 



where Rj(p - is the radius of normal curvature of machining surface of tool T in the 



direction of feed rate Sq ; 

\hQ ] - is the portion of tolerance [/z] allocated to compensate for error . 
Taking into account Eq.36, the maximum width of the toolpath can be calculated as 

? _ o n nrppn- + ^r.c)+ [^c\^P.C + 

- ^^p.c • arccos j- — — y- ; 17 tx • v 

[Rpc + Rp.c rfip.c + rc D 
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Taking into account that Sc « Rpc , we obtain the following holds: Sp = AB = Sp . 
Therefore, Eq.37 can be simplified to: 



1 - 



■p.c {Rp.c + Rj 



^P.C + ^T.C JV^P.C ■ 

To calculate the maximum width of the toolpath not only for convex surfaces P and T, but 
also for concave and saddle surfaces as well, let us develop Eq.38 to: 






,c + 0-5[/»c]) 

l*cj) 



(38) 



Sc = '^Rp,c arccos 



[Ppc + Rp.c ) + P.C + [^c ^P.C ) ~ 



2{r 



P.C + ^T.C 



X^P.C + he . ^P.C ) 



(39) 



where radii Rp c and Rp c of normal curvature of surfaces P and T in the direction Sc 
have sign “+” for convex intersections by the normal plane and sign for concave 
intersections by the normal plane, respectively. 

Neglecting second-order terms - i.e., the \hcY — Eq.39 simplifies to: 

Rp.c + ^p.c [^T.c + \hc ]sgn Rpc ) 

{Rpc + Rp.c \Rp.c + [^c ]sgn Rpc ) 



Sr = 2Rp 



(40) 



The formulas above (see Eq.37 - Eq.40) are applicable in the cases when the machining 
surface of the tool consists of a single continuous surface T (for example, as in a grinding 
wheel). In cases when surface T is formed as a locus of separated lines (i.e., cutting edges of a 
milling cutter, etc.) the feed rate Sp along the toolpath is limited by a tolerance \hp ] . Let us 



consider an intersection of the machined part surface P^ (i.e., the actual part surface P with 
cusps) by the normal plane through the direction of feed rate Sp . After the multi-axis NC 

milling operation, different types of portions of surface P will be formed by: 

the locus of arcs of elongated cycloids (i.e., by the locus of a set of trochoids) on 
straight portions of part surface P^ ; 

the locus of arcs of elongated epicycloids (i.e., by the locus of a set of epitrochoids) 
on convex portions of part surface P^ ; 

the locus of arcs of elongated hypocycloids (i.e., by the locus of a set of 
hypotrochoids) on concave portions of part surface P^ . 

Taking into consideration the relationship between the values of linear speed of points on 
the cutting tool edge due to the tool’s rotation (i.e., the speed of cutting) and the feed rate Sp 



(obviously, the speed of cutting » feed rate ) on a length of each part’s actual surface Pj. 
(on a length of each pitch of the “wavy” surface ), we can obtain a circular approximation 



of the curve of intersection of surface P^ with the normal plane through Sp . The radius of 
the approximating circle, Rp p , is equal to the radius of curvature of the curve of surface Pp 

intersecting at point K. According to this, the value of feed rate along the tool path can be 
calculated by the following formula: 

, D ^ , 1;. 



■ 2R 



P.L 



• arccos 



^P.L {^P.L + ^T.L 



)+kP P.L + 0-5^]) 

+ED 



ipP.L + ^T.L 

Taking into account that Sp ■« Rpp ,. Eq.41 can be simplified to: 



Sp - 2Rp p 



)+[h\Rp.L +0-5k]) ' 

{.^P.L + Rpp \Ppp + [hp ]) 



^P.L {r P.L + Rp_L 



(42) 



To calculate an extreme length of each pitch of tool path not only for convex surfaces P 
and T, but also for concave and saddle surfaces, let us develop Eq.42 to: 
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( 43 ) 



C _TD ~^TL 

Or — ZAn r drCLOS 7 \7 T 1 T , 

^(^P.Z + ^T.L A^P.L + L^Z Jsgn Rp I ) 
where radii Rpp and Rpp of normal curvature of part surface P and the surface of 

cutting in the direction S^j have sign “+” for convex intersections by the normal plane and 
sign for concave intersections by the normal plane, respectively. 

Neglecting second-order terms -- i.e., the \hif - Eq.43 simplifies to: 

c -oo + ^P.L i^TL + [hj ]sgn RpL ) .... 



S, = 2Rp , arccos . ( 44 ) 

{^p.L + Al X^p.l + [^i ]sgn Rpi ^ ) 

Eq.37 - Eq.40 and Eq.41 - Eq.44 allow calculation of maximum feed rates in the two 
directions Sp and which guarantee approximately highest productivity of multi-axis NC 
machining of sculptured part surfaces. 

4. PRODUCTIVITY OF MULTI-AXIS NC MACHINING OF 
SCULPTURED PART SURFACES AS A FUNCTION OF 
DEGREE OF CONFORMITY OF THE SURFACES P AND T 

Eq. 2 allows us to calculate the productivity of multi-axis NC machining of sculptured 
part surface P. Substituting into Eq.2 the maximum values of feed rates from Eqs.37 and 41, 
we can derive the following equation to calculate productivity of multi-axis NC machining: 

E = 4R,,R,c- arccos ^^4^fz +0.5^]) 

{R,.,+RrAR,.L+hD 

^P.C i^P.C ^T.c)'^ \^C + O.S[/2^ ]) 

• circcos 7 w f — Tx • 

(^Z.C ^T.C \^P.C + [^C ]) 

(45) 

Substituting into Eq.2 approximate maximum values for feed rates from Eqs.40 and 44, 
we can derive the following approximate equation to calculate productivity of multi-axis NC 
machining of sculptured part surfaces P\ 

E~AR R arccQ-. ^ ^ ^ ^ ^ ^ ^ 

= arccos^^^ ^ ^ + K ]sgn ) (^6) 

_ ^P.L ^P.L {.^T.L \hl ^P.L ) 

{Rpp+R,plR,P+[h,]smRp.R)' 

It is important to emphasize that for a given relative local orientation of the surfaces P 
and E, the width of the toolpath depends upon the direction of relative motion of surfaees P 
and T. This direction is determined by the angle (p - the angle of orientation of the normal 

plane in which the radii Rp p and Rj q of normal curvatures of the surfaces P and T are 
measured. According to Euler’s formula: 



^^P.C “ „ . 2 n 2 ’ ^ 

R^ p sm (p + R 2 P cos (p 

«rc - . „ T, i. («> 

R^ j sm + fu)+R 2 j cos \(p + ju) 

where R^p, R 2 P - are the radii of the principal curvatures of the sculptured part surface. 
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7 ’, R 2 .T ■ the radii of the principal curvatures of the machining surface of 

the tool, T. 

According to Eq.47 and Eq.48, formula (37) can be rewritten as follows: 

? _ op { \ a)]+[^c]{^p.cW+0.5[/zc]} 



Such equations are also true for feed rate . Without derivation, let us write one of them 
as the analog of Eq.49: 

■ii -^«/>iWarccos r- — j-x--- — 7 — W 7 ; — 1 .\ . r, li ■ 



^ [R^.Acp).RrA<P,,)\{R,M^yh\} ■ 

One of the possible ways to calculate values for the radii of normal curvature 
RpL^ Rp.C’ RpL’ Rp.c surfaces P and T in Eq.47 - Eq.50 is the following. Using well- 
known formulas for coordinate system transformation, we can rewrite the equations for the 
Dupin indicatrices of isogonally parametrised surfaces P and T given in a local isogonal 
coordinate system (with origin at the point of contact K of surfaces P and T and with two 
axes in a common tangent plane) into a local polar coordinate system as follows: 



y GpLp cos^ (p + M p^EpGp s\n2(p + EpN p sin^ cp 

Vt = I (52) 

V Gj-Lf cos^((» + /i)+ sin 2 ((z> + p)+ EjNj sin ^((3 + //) 

where rp,Pp - the position vectors of points on Dupin ’s indicatrices of surfaces P and T, 
respectively; 

Ep,Ep,Gp - are the Gaussian coefficients of the first fundamental form of the 
machining surface of a tool, T; 

Lp , M p , N p - are the Gaussian coefficients of the second fundamental form O 2 of the 
sculptured part surface, P; 

Lp, Mp, Np - are the Gaussian coefficients of the second fundamental form 027 of the 
machining surface of a tool, T. 

Whenever surfaces P and 7 have orthogonal parameterizations, Eqs. 51 and 52 simplify 
to: 



! Lp cos^ (p + Mp sin Icp + N p sin^ cp ^ 



^ ^ Lp cos ^ ((p + /j)+ Mp sin 2{(p + ju)+Np sin ^ (^ + //) ’ 

The direction of feed rate is determined by the angle cp ; the direction of feed rate 
Sp is determined by the angle ^ , and is usually perpendicular to the direction of feed rate 
Sq = 90"^ ) . The radii of normal curvature Rp p, Rp^p, Rp p, Rp^ of surfaces P and T 

in Eqs.51 - 52 can be calculated by the formulas: 



GpLp COST ^ + M p^EpGp sm2^ + EpN p sin^ ^ 

EpGp 

GpLp cos^(^ + /u)+ Mp^EpGp sin 2{^ + //)+ EpNp sin^(^ + ju) 
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(57) 



^P.L - 



GpLp sin^ (^ + Mp^EpGp sin 2^ + EpNp cos^ ^ 



^T.L 



E^rGr 



(58) 



GpLj sin sin 2(<f + //)+ EpNp cos^ 

If the parametrisations of surfaces P and Tare both orthogonal, Eqs.55 - 58 can be 
simplified and used in Eqs.53 - 54 in the form: 



Rpc = [Lp cos^ ^ + Mp sin 2^ + Np sin^ ; (59) 

Rpc - {^p {^ + r)+Mp sin2((J + ju)+ Np sin ^(#+4"'; (60) 

Rpp = [lp sin^4 + Mp sin 2^ + Np cos^ N i (61) 

RpL - {^p ^{^ + m)+Mp sin2(<^ + //)+ cos ^^+4"'; (62) 



The equations above hold for all cases of multi-axis NC machining of smooth sculptured 
part surfaces P by cutting tools with “smooth” (non-toothed) machining surfaces T. Analysis 
of Eq.46 after substituting into it Eqs.55 - 58 (or Eqs.59 - 62) if parametrisations of surfaces P 
and T are both orthogonal) shows that in Eq.lO, the function E = E{<p) is a nonlinear function 
with respect to parameter (p . The same result can be obtained due to analysis of Eq.2 after 
substituting into it Eq.40 and Eq.44, taking into account Eqs.55 - 58 (or Eqs.59 - 61 if the 
parametrisations of surfaces P and T are both orthogonal). For that reason, productivity of 
multi-axis NC machining of sculptured part surfaces can be considered as a function of 
conformity of surfaces P and T. Because of this, the introduction of geometric analogs for 
productivity of machining is possible. For example, the optimal parameters of part surface 
machining can be determined not from the extremely bulky equation of productivity of part 
surface machining, but rather from a geometric analog - the indicatrix of conformity of 
surfaces P and T (Radzevich, 1991): 



conf. 






EpGp 



GpLp cos^ (p + MpyjEpGp sm2(p + EpNp sin^ <p 



sgnOjp + 



EpG'r 



(63) 



GpLp cos^(^ + //)+ Mp^EpGp sin 2{cp + ju)+ EpNp sin^(^ + ju) 



sgn02p, 



where - is a position vector of a point of the indicatrix of conformity. 

Eq.63 does not allow calculating the productivity of multi-axis NC machining of 
sculptured part surfaces, but it is possible to determine the parameters for an extremely 
efficient machining process, because the direction of optimal motion of the cutting tool 
relative to the workpiece is orthogonal to the direction in which is extremely small. To 

find the direction of smallest radius of the indicatrix of conformity (Eq.63) — i.e., to 
define the value of angle (p — is a trivial problem. 



5. CONCLUSIONS 

There are numerous ways to control the parameters of the process of multi-axis NC 
machining of sculptured part surfaces with the goal of reaching extremely high efficiency of 
the manufacturing process. From our point of view, the most promising approach is to 
improve the process of generating the sculptured part surfaces. There exist good possibilities 
and a lot of unused reserve knowledge within the geometric and kinematic aspects of the 
process. 
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The approach developed above is based on a differential geometric method of multi-axis 
NC generation of sculptured part surfaces, and needs in criteria of optimization of machining 
process parameters. The best criterion for optimization is the minimization of the cost of part 
production. But such an optimization criterion has an extremely bulky analytical description, 
so is not convenient to apply. Productivity of multi-axis NC machining of sculptured part 
surfaces may be more simply described analytically, but it is also inconvenient to apply. Good 
results can be obtained due to introduction of geometric analogs of productivity of part 
surfaces machining - the so-called conformity functions of surfaces P and T. 

The approach developed above needs a powerful computer, modern numerically 
controlled machine tools, and highly developed CAM systems. 
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Abstract: The parametric representation of surfaces is often avoided in best-fit com- 
putations because of the large number of unknowns. By exploiting the 
matrix structure, D. Sourlier has developed an effective best-fit software 
’FUNKE’, which is based on parametric representation. FUNKE is per- 
fectly applicable for sculptured surfaces. We report on the best-fit of a 
turbine blade. 

In the second part we propose a new shape distance measure to compare 
two CAD-described surfaces. We give algorithms in Matlab to compute this 
shape distance and the corresponding transformation. 



1. Introduction and Notations 

In this paper we will represent a patch of a sculptured surface (i.e. a polynomial 
surface) as a tensor product surface 



/ x{u,v) 
x(tt,w) = y(u,v) 
V z{u,v) 



f'^{u)A g(v) 
f^(u)B g(v) 
f^(u)Cg(v) 



0 <u<l 
0 < w < 1 



( 1 ) 



f(u) = Ifi(u), . . . , fn(u)]'^ and g(v) = [ 51 ( 1 ;), are given basis functions of 
the surface parameters u and v. These basis functions could be NURBS, B-splines, 
Bezier-polynomials or simply monomes i.e. fi(u) = u^~^. The coefficients specifying 
the surface are given by the three matrices A, B, C £ It will be convenient to 

write the surface ( 1 ) sometimes as 



/ x{u,v) 
y{u,v) 

V 



Er=i ELi aijfi{u)gj{v) 

EEiEjliCb/iWSiW 



ET:iO‘kFk{u,v) 

Efcpl PkFk{u, v) 
Y.k2llhFk(u,v) 



( 2 ) 



The coefficients Oik , Pk and jk and the basis functions Fk {u, v) are obtained by 
rearranging the data as follows: = aij, A+nO-i) = bij, = Cij 

and = fi{u)gj(v). 



2. Least Squares Fit of sculptured surface 

A problem in coordinate metrology is the best-fit of a geometric element into mea- 
suring points. Best-fit means that the sum of squares of the geometric distances of 
the measuring points to the geometric element with optimally fitted parameters is to 
be minimized. 

Although the parametric surface representation is a standard in all fields of CAD/ 
CAM/CAQ (cf. B-splines/NURBS) as well as in related fields like e.g. surface re- 
construction, this representation is not widely introduced and used so far in the 
commercial software for the practical needs of coordinate measuring techniques. The 
best-fit calculation is still based there on implicit surface representation /(x) = 0. The 
main reason for that is the advantage of not having the two surface coordinates u and 




V involved as additional unknowns in the least squares fit. The problem with implicit 
surface representation is, however, that only for standard surfaces like plane, sphere, 
cylinder, cone an explicit distance function is known. For more complex surfaces 
like ellipsoids, with no explicit expression for the distance, an approximation for 
the geometric distance is often used. Of course by using such an approximation the 
computed fit is not the exact best-fit and this may not be acceptable. 

With the parametric approach the number of unknowns is dramatically enlarged: 
each measuring point generates an additional unknown when fitting a 3D-curve, or 
even two unknowns if we wish to fit a surface (cf. (Gander, Golub and Strebel, 1994) 
or (Sourlier, 1995)). However, Sourlier has developed a software FUNKE (Sourlier, 
1995) based on the parametric representation which allows to compute best-fits of 
surfaces. He shows that by exploiting the structure of the Jacobian matrix even with 
the additional unknowns the computational complexity is comparable to a fit using 
an implicit surface representation. Interesting features of FUNKE are 

— best-fit of sculptured surfaces, complex features (e. g. involute, helical toroid), 
combined features (e. g. quadrant to be fitted by position/orientation, length, 
width and height), 

— best-fit with frozen degrees of freedom (e. g. fix-radius cylinder fit), 

— best-fit available for any new defined surface, standardization of best-fit-imple- 
mentation, 

— function-independent best-fit procedure by separating geometry from position/o- 
rientation description), 

— improved possibilities for probe radius correction and deflection compensation. 

The software FUNKE computes the best-fit (in the 2-norm) to given measuring 

points for every parameterized surface function. FUNKE is based on a generic surface 
function x('u,t>) which is replaced in each function call by the current surface that 
we wish to fit. There is a strict separation of geometric and position/ orientation 
parameters. The surface is thus described in its simplest position. We call this the 
special parametric description in which only the parameters p occur which describe 
the geometry of the surface. Here are some examples: 



x'plane(“>">P) 
^ sphere P) 
^ cylinder (“> P) 



(M,n,0) 

(pi COS u cos Pi sin u cos f, sin v) 
{pi cos tx, Pi sin XX, v) 



x^screw('?^, p) = (x; cos xx, x; sin xx,pixx) 

The general description of a surface which includes the position/ orientation 
information 



t = {tx^ty^tz) and the angles a=(a,5, c) 
is given by the transformation (-R(a) is an orthogonal matrix): 

x(xx, x;, p, a, t) = i?(a)x'(xx, x;, p) + t = i^(a)(x'(xx, x;, p) + t). 



If we wish to compute the distance da of a measuring point x to the surface, we have 
to solve a minimization problem in order to find the foot-point coordinates 



dst — min ||x — x(xx, v, p, a, t)||. 



To compute the best-fit of a surface to n measuring points we need to minimize the 
sum of squares of the distances and thus we have to introduce 2n more unknowns for 
the foot-point coordinates U = (xxi, x;i, . . . , xx^, fn): 

n 

Q 2 (U,p,a,t) = ^||xz - x(xxi,x;i,p,a,t)||^ = min 
i=l 
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At first it seems that these new unknowns would make the problem much more difficult 
to solve. However, as shown in (Sourlier, 1995) by exploiting the structure of the 
Jacobian, the complexity grows only linearly with the number of measuring points. 

Because we separate geometry from position/orientation it is possible to fit a set of 
N geometrically different surfaces with common position/orientation as a compound 
object. For the implementation we have to define a relation 

i K{i)] 1 <i <n and A < K < N 

which assigns the z-th point to a specific surface K. In this way we obtain for each 
pair (ui,Vi) of surface coordinates the values of the corresponding surface point from 
the generic function 

X(i) = 

If, for example, we have N different surfaces of the same type (e.g. planes) but 
in different positions/orientations, we can start from the same nominal surface func- 
tion, e.g. x'(u,u) = (u, u,0), and construct the N surface functions by attributing 
appropriate values to their position/orientation offsets: 

x^^\u,v,p) = • (x'(u,u,p) + 1^^^) 



u, p) = • (x'(u, V, p) -f t^^^) . 

The position/orientation offsets . . . , which define the (known and 

fixed) relative position/orientations of the N surfaces are stored individually and are 
not changed during the best-fit procedure, in contrast to the position/orientation 
parameters a and t which are common for all actually fitted surfaces and which are 
subject to best-fit. 

With this technique it is possible to best-fit a set of surfaces patches as a whole. 
We can even mix standard surfaces with sculptured surfaces. Sculptured surfaces are 
a special case. It is important to maintain the Co or Ci continuity of the patches 
as defined by the CAD dates. Therefore a best-fit respecting the given relative po- 
sition/orientation is very important. For this purpose FUNKE is able to read and 
process CAD data of a sculptured surface. 

Imagine a turbine blade as shown in Figure 1. What can we do to completely 
separate form deviations from position/orientation deviations? It is not enough to 
compare the CAD-defined surface against the measuring points in a coordinate system 
e.g. defined by some reference points or determined by the turbine base (on which we 
are able to measure and best-fit standard surfaces). Doing this we would get a larger 
form deviation than effectively possible (with the theoretically optimal alignment)! In 
order to obtain the pure form deviation (free from any position/orientation deviation) 
we have to determine the “intrinsic” coordinate system of the sculptured surface of the 
turbine blade itself. In other words: form deviations can be shown in that workpiece 
coordinate system where the sum of squares of all surface scan points attains its 
minimum. 

To show this we perform the evaluation in two ways. Figure 1 shows the form 
deviations computed by FUNKE in the theoretical optimal way: We obtain here for 
a sculptured surface the same good results as we would also obtain (with commercial 
software) for standard surfaces. The mathematical description (in polynomial form) 
is given in the “VDA-FS” -Format (well-known in Europa), but as well we could use 
also other sculptured surface formats, like IGES or STEP. 

For 981 measuring points the computation took about 0.3 seconds on a PC 
equipped with a Pentium processor. The average deviation for this best-fit is 3.8/i. 
After 5 steps of Gauss-Newton iterations we obtained convergence. The average 
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Figure 1. Turbine blade: pure form deviation a = 3.83// 



deviation declined as 

2363.62912/i ^ 205.70313// -> 5.65472// 3.8342// -> 3.83208// ^ 3.83208// 

Figure 2 shows the same deviations in a coordinate system defined by the turbine 
base. This coordinate system - which can easily be determined also by commer- 
cial CMM software - delivers too large form deviations due to the relative posi- 
tion/orientation deviation between turbine base and blade. This can clearly be seen 
as systematic deviation in Figure 2 and 3. 



3. A Shape Distance Measure for Sculptured Surfaces 

3.1. Norm of a Surface 

In the preceding chapter we have discussed a best-fit method for sculptured surfaces. 
The best-fit problem is defined as the fit of a point cloud (measuring points) against 
a given surface (CAD-description). But what about comparing two surfaces (i.e. two 
CAD-descriptions) to each other? This is what we are concerned in this chapter: we 
first propose a shape distance measure D which tells how close two surfaces described 
parametrically by polynomials (monomials, Bezier-polynomials or B-splines) are, with 
respect of their geometrical shape. Then we will show a method which minimizes this 
shape measure D as function of the relative position and orientation of these two 
surfaces. This allows us to compare two slightly different geometries, regarding their 
“similarity of shape” independently of their actual position/orientation and thus their 
description with rather different coefficients. 

We will assume in the following that the parameterization (//, v) of both surfaces is 
compatible and comparable (e.g. using a chordal parameterization), so that in some 
sense points with the same //, u-coordinates correspond to each other. We will call 
such surfaces similarly parameterized. This assumption may be questionable from a 
mathematical viewpoint. However, we think that for practical purposes the shape 
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Figure 3. Left: distribution of form deviation from Figure 1. Right: same for Figure 
2. The theoretical Gaussian distribution is marked by the dots. 



distance measure based on this assumption and introduced in the following may be 
useful anyway. We will show examples where this measure proves to be valuable. 

DEFINITION 1. The 2-norm of a surface is 

( 3 ) 
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where ||x('i^, v)\\2 = x{u^vY + + z{u^vY . 

Using the representation (1) we obtain the expression 

||x|p = [ [ {t^{u)A g{v)f + (f^(u)B g{v)f + (f^(u)C g{v)f dudv. (4) 
Jq Jo 

Considering only the first term in (4) we obtain 



fj\f-Agfdudv = [E akifkgij dudv (5) 

= y] aijaki / fi{u)fk{u) du / gj{v)gi{v) dv. 

. fc ; Jo Jo 



i = k 



Now, if the basis functions are orthogonal i.e. if 

J fi{u)fk{u) du = J gi{u)gk{u) = | 

then (5) simplifies to 

f f g)^ dudv = ^ a-^- = \\A\\] 

Jo Jo .j 

The same simplifications hold for the other terms. Thus we obtain the theorem: 



l|2 

IlF- 



THEOREM 1. Let x(u^v) be defined by (1) with orthonormal basis functions fi{u) 
and gj{v). Then the 2-norm can be computed by the expression: 

||x||^ = r f ||x(«, ,;)||^ dudv = Pill + ||B||| + lldll, (6) 

Jo Jo 

where || ||f denotes the Frobenius norm. 



3.2. Mean Square Distance of Surfaces 



DEFINITION 2. The mean square distance D of two surfaces x{u,v) and x'(u,v) 
is given by 

= f f \\x{u,v) — X {u,v)\\l dudv. (7) 

Jo Jo 



If we perform a change of basis and represent the two surfaces by the same set of 
orthogonal basis functions then by Theorem 1 the mean square distance (the shape 
distance) can be computed by 

= ||AA||^ + ||AH||^ + II A(7|||^, (8) 

where AA = A — A' etc. 

Let us consider now the following problem: Given two similarly parameterized 
surfaces x{u,v) and x'('u, i;), find an orthogonal matrix R (a product of three rota- 
tions) and a translation vector t such that the shape distance between x{u, v) and 
Rx' {u, i?) -I- 1 is minimized: 







||Rx'('iA, + t — x('u, r ’))||2 dudv = min 
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Using the representation (2) 



f Sa: = 1 \ 

ET=iPkFk{u,v) =TF, 

V YIk2iikFk[u,v) ) 

where P denotes the matrix 

(Xi . . . OLnm 

P = /5l ... (^nm 

7l • • • Inm 

and 

F = [Fi{u,v), . . . .Fmniu.v)]^ 

the problem becomes 

= [ f \\{Rr' -T)F + t\\l dudv = min 
Jo Jo 

The problem simplifies if we make the assumption that Fi (u, v) = 1. This assumption 
is not very restrictive since it is very often the case that the constant 1 belongs to the 
set of orthogonal functions. If Fi{u^v) = 1 the translation vector t can be subtracted 
from the first column of P, giving the matrix P*. Now the problem becomes 

= f [ Ii(i?r' -r*)F||i dwdi; = Ilizr' -r*||| := min. (9) 

Jo Jo 

We have now reduced the problem to compute the shape distance of two similarly 
parameterized surfaces to a standard problem, namely to an orthogonal Procrustes 
Problem (Golub and Van Loan, 1996): find an orthogonal matrix R such that 

Q(R,t) = ||i?r' - r*|||. = iir*^ - = min. (lo) 

A problem of type (10) also occurs when computing a least squares fit of two point 
clouds; cf. (Hanson and Norris, 1981) and (Gander, 1997). 

By minimizing Q with respect to t we obtain the necessary equation (note that 
A(:, 1 ) indicates the first column of the matrix A): 

t = P(:,l)-i?P'(:,l) (11) 

which means, that after computing R, we can always choose t such that the first 
column of the matrix RT' — P* is zero. Thus we first determine R such that 

||i?P'(:, 2 : mn) — P(:, 2 : mn)\\jp = min (12) 

and then compute t using(ll). 

3.3. Orthogonal Basis Functions 

The surface x('u,f) represented by (1) makes use of the basis functions f^(u) = 
[/i(w), ■ ■ • , [fn{u)] and g^(n) = [ 51 ( 1 ;), , [gm{v)]. 

Surfaces are often given in the monomial basis i.e. fi{t) = 9 i{t) = . For our 

purpose we need to transform this basis in an orthogonal basis. For the interval (0, 1), 
the orthogonal polynomials are the scaled and normalized Legendre polynomials: 

Po{t) = 1 
pi{t) = \/3 — 2\/3t 
P2{t) = \/5 — 6\/5t + 6 
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(13) 

(14) 

(15) 




If we denote the monomial basis functions by m^(t) = [1, . . . , and with p the 

scaled and normalized Legendre polynomials then there exists a linear transformation 
p = Tm. The lower triangular transformation matrix T is 



T = 



/I 0 0 

Vs -2VS 0 

- 6\/5 6\/5 




V ; : : 



T can be generated by the following Matlab function: 



ftmction T = ng (n) 

% p = T m 
i = 

F = diag(i./(4*i~2) ,-l) + l/2*eye(n) + diag(i . /(4*i+2) , 1) ; 

T = eye(n) ; 
for k = 2:n, 

T(:,k) = F*T(:,k-l); 
end; 

for i = l:n, 

T(i,:) = T(i,:)/sqrt(2*i-l); 
end; 

T = 

The matrix U = T~^ of the inverse transformation m = Up is also easy to 
compute: 



function U = gn (n) 

% m = U p 
U = eye(n) ; 
for k = 2:n, 

U(:,k) = (2-l/(k-l))*(2*[0; U(1 : end-1 ,k-l)] - U(:,k-1)); 
if (k>2), U(:,k) = U(:,k) - (l-l/(k-l) ) *U( : ,k-2) ; end; 
end; 

for k = 1 :n, 

U(:,k) = U( : ,k)*sqrt (2*k-l) ; 
end; 

U =U^ ; 

Thus if a surface is given in the monomial basis 

( x{u,v)\ / in^{u)A m{v) \ 

y{u,v) I = m(u) | (16) 

z(u,v) J \nV{u)Cm{v) J 

then using m = t/p we obtain the representation in the orthogonal basis 

/ x{u,v) \ ( p^(m)4p(u) \ 

x{u,v)= y{u,v) = p'^{u)Bp{v) (17) 

yz{u,v) J \ p^(m)( 5 p(w) J 

with A = U^AU, B = U'^BU and C ^ U'^CU. 



66 




3.4. Shape Distance Algorithm 

The following Matlab program computes the minimal mean square distance (shape 
distance) as function of R and t between two surfaces x and Rx.' + t that are given 
according to (1) by the three matrices A,B and C respectively A\ B' and C' . We 
assume that the monomes m are used as basis functions and that all matrices are 
n X m. 

function [D, R, t] = distance(A,B,C,Ap,Bp,Cp) ; 

7o [D, R, t] = distance(A,B,C,Ap,Bp,Cp) computes an 
7o orthogonal matrix R and a translation vector t, 

7o such that the mean square distance D between the 
7o sculptured surfaces x(u,v) and Rx^u,v)+t is 
7o minimized. 

7o The basis functions used for representing x and 
7o are supposed to be the monomes. 

[n,m] = size (A); 

7o transform coefficients for orthogonal basis functions 
Urn = ng(m); Un = ng(n) ; 

At = Un'*A*Um; Apt = Un^*Ap*Um; 

Bt = Un^*B*Um; Bpt = Un^*Bp*Um; 

Ct = Un^*C*Um; Cpt = Un^*Cp*Um; 

7o compute Gamma Matrices 
Gamma = reshape ( [At ,Bt , Ct] , [m*n,3] D ^ 

Gammap = reshape([Apt,Bpt,Cpt] , [m*n,3] O ^ ; 

7o solve Procrustes problem: find R such that 
7o norm(R*Gammap( : , 2 :m*n)-Gamma( : ,2 :m*n) , ^froO = min 
[u s v] = svd(Gammap( : , 2 :m*n) *Gamma( : ,2 :m*n) D ; 

R = v*u' ; 

7o compute the translation vector t 
t = Gamma(:,l) - R*Gammap( : , 1) ; 

7o compute shape distance 

D = sqrt (norm(R*Gammap( : ,2 :m*n)-Gamma( : , 2 :m*n) , ^froO ) ; 

If we wish to decompose the orthogonal matrix R into the product of three 
rotations R = R 3 R 2 R 1 where 

/ 1 0 0 \ / C 2 0 52 \ / C 3 53 0 \ 

= 0 Cl Si , i ^2 = 0 10 and R 3 = -S 3 C 3 0 I (18) 

V 0 -Si Cl J \ -S2 0c2/ Vooiy 

are plane rotation matrices specified by Ck = cos9k and Sk = sinOk^ k = 1,2,3, 
defining rotations about the x — ^y— and 2 ;— axes, respectively, we can use the Matlab 
function 
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function [theta] = rotangle(H) 

7o 

if det(H)<0, 

error The matrix is not a product of rotations O 
end 

n = size(H, 1) ; 
theta = [] ; 
for i = 1 : n - 1 
for j = i + 1 : n 

theta_k = atan2(-H(j ,i) ,H(i,i)) ; 
theta = [theta_k, theta] ; 
c = cos(theta_k) ; s = sin(theta_k) ; 

R = eye(n) ; 

R(i,i) = c; R(j yj) == c; 

R(i,j) = -s; R(j,i) = s; 

H = R * H; 

end 

end 

which is described in (Gander, 1997). 

We have presented the method for a “one-patch” surface. But the same method 
method works just as well when comparing “multi-patch” surfaces. 

In the case of a Bezier or a B-spline polynomial description we could alternatively 
apply the algorithm above directly to the two sets of the m x n Bezier-points (or 
De Boor points respectively) belonging to the two surfaces and fit them against each 
other. Doing so we would likely get even then also a useful result. Of course we 
wouldn’t achieve the theoretically best result in the sense of minimizing the measure 
D. This we can only achieve by changing to the proposed orthogonal base. 

Prom a practical point of view, of course it would also be useful to minimize the 
distance of the two surface with respect to a “Chebychev-criterion” i.e. minimizing 
their maximal difference in shape (regarding all possible v surface coordinates). But 
because we are dealing with parametric polynomials, where we have a vector instead 
of a scalar function, the explicit expression (8) which considers the three different 
coordinate-directions x,y,z individually, unfortunately works only for the 2-norm. 

3.5. Examples 



3.5.1. First example 

We consider the surface x given by the following three matrices: 



A = 



/ 20.00 
65.55 
0 
0 

V 0 



65.55 0 

0 -45194.21 

-34694.54 375248.86 

69389.08 -638425.22 
-34694.54 308199.37 



76.08 

89475.40 

-654859.47 

1088769.50 

-523119.13 



-76.08 \ 
-44281.19 
314305.16 
-519733.37 
249614.29 / 



B = 



( 30.00 

-273.19 
0 
0 

V 0 



118.78 

0 

-4313.97 

8627.93 

-4313.97 



0 9.46 -9.46 \ 

-5619.51 11125.49 -5505.98 

46658.96 -81426.13 39081.14 

79382.68 135379.11 -64624.37 
38321.94 -65045.36 31037.39 / 
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/ 40.00 267.57 0 -22.84 22.84 \ 

105.21 0 13566.70 -26859.32 13292.62 

0 10414.84 -112644.70 196580.08 -94350.21 

0 -20829.68 191646.73 -326834.08 156017.02 

V 0 10414.84 -92517.34 157033.38 -74930.88 / 



Surface x is represented in Figure 4 using the commands 




Figure 4- Surface x 



[X,Y,Z] = evalpoints(A,B,C,0.05) 
mesh(X,Y,Z) 

where evalpoints is defined as 

function [X,Y,Z] = evalpoints ( A, B,C, delta) 

7o EVALPOINTS ( A, B,C, delta) evaluates for parameter values 
“/o u,v in the range 0:delta:l the surface coordinates 
7o X(u,v), Y(u,v), Z(u,v) that are defined as quadratic 
% forms in the monomial basis i.e. X(u,v) = U*A*V\ 

% Y(u,v) = U*B*V^ and Z(u,v)= U*C*V^ where 

“/o U = [1 u ... u*" (n-1)] and V = [1 , v, . . . , v'' (m-l)] . 

[n, m] = size (A); 
disk = 0:delta:l; 

X=[]; Y=[]; Z=[]; 
i=0; 

for u = disk 
i=i+l ; 
j=0; 
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for V = disk 

j=j+i; 

U=[]; 

for k = 0 : 1 :n-l 
U= [U u^k] ; 
end 
V=D; 
for k = 

V=[V v~k] ; 
end 

X(j ,i)= U*A*V' ; 

Y(j ,i)= U*B*V’ ; 

Z(j,i)= U*C*V’ ; 
end 
end 

The second surface x' is obtained by slightly modifying the geometry of surface 



/ 14.64 82.48 8.17 11.25 -27.88 \ 

67.69 41.12 -45599.89 90232.25 -44691.13 

Al= 54.33 -35102.16 376766.79 -656919.19 315196.27 

-94.96 70074.02 -640445.19 1091043.92 -520521.84 

V 46.24 -35060.86 309170.71 -524055.07 249856.09 / 

/ 30.06 82.76 62.26 -13.31 -15.52 \ 

-318.31 391.45 -6265.88 11458.94 -5548.97 

B1 = 155.04 -5269.93 48209.97 -82303.03 39263.89 

-189.24 9597.59 -80850.86 136143.29 -64756.29 

V 83.75 -4717.12 38869.78 -65247.23 31018.27 / 

/ 36.01 299.19 -75.52 56.40 -10.76 \ 

163.26 -305.86 14116.39 -27134.67 13314.67 

Cl = -140.68 11276.88 -114341.68 197596.04 -94561.39 

128.19 -21677.98 193520.48 -328303.55 156561.11 

V -34.77 10682.92 -93251.32 157817.07 -75324.40 / 

Using [D R T] = distance (A, B,C,A1,B1, Cl) to compute the shape distance we 
obtain 

D = 1.4615 



R = 

1.0000 0.0072 -0.0060 

-0.0073 1.0000 -0.0053 

0.0059 0.0053 1.0000 

T = 

2.0909 
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2.1280 

-2.3780 



Because we did not modify the position/orientation we get nearly the identity matrix 
R and a small translation vector. 



3.5.2. Second example 

We consider the same surfaces as in Example 1. But now the second surface is modified 
in its position/orientation. The coefficients of this second surface are: 



/ 

A1 = 

[ 



84.89 

-313.00 

175.22 

-169.97 

56.19 



-225.20 

431.87 

-1053.91 

965.06 

-307.99 



89.90 

-646.10 

1689.54 

-1637.39 

572.68 



-55.72 

159.53 

-634.18 

878.26 

-449.29 



9.39 \ 
85.64 
-9.25 
-265.45 
234.52 / 



B1 = 



Cl 



The surface 





9.88 


-64.37 


30.77 


-12.00 




35.15 


112.66 


-45944.39 


90704.60 




86.97 


-35479.89 


379130.18 


-660532.19 


- 


-113.34 


70601.41 


-644256.40 


1097173.65 




44.62 


-35267.12 


310960.78 


-527072.28 




23.32 


-219.79 


-24.83 


-15.38 


182.63 


-221.97 


14372.87 


-27966.17 




-92.27 


11276.90 


-116657.13 


202626.82 




139.74 


-22066.42 


197707.10 


-336012.30 




-72.20 


11035.18 


-95374.33 


161219.57 


x' 


is plotted by the commands 





-18.26 \ 
-44889.54 
316856.12 
-523444.36 
251341.42 / 

26.69 \ 
13794.57 
-97130.84 
160167.65 
-76755.43 / 



[Xl.Yl.Zl] = evalpoints(Al,Bl,Cl,0.05) 
mesh(Xl,Yl,Zl) 



and shown in Figure 5. If we now compute again the shape distance using [D R T] = 
distance(A,B,C,Al ,B1 ,C1) , we obtain 



D = 1.4609 






R = 






-0.2967 


0.8967 


-0.3284 


0.5104 


-0.1417 


-0.8482 


-0.8071 


-0.4193 


-0.4157 



T = 

40.7155 

9.7456 

116.2242 

To decompose -R as a product of three rotation matrices (18) we use the command 
theta = rotangle(R) and get 



theta = 2.3518 0.9392 -2.0974 
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200 




Figure 5. Surface x' 



We obtain the best-fit position where the mean square distance takes its minimum. 
We realize that the shape distance is again the same as before. (The small difference is 
due to the rounding of the data matrices. In order to make the results more legible and 
reproducible for the reader, we used the rounded numbers of the coefficients printed 
in this paper). 

In order to check the result, we transform the point set used to plot surface x' 
and draw the transformed surface: 

[X2,Y2,Z2] = transf (X1,Y1,Z1,R,T) 
mesh(X2,Y2,Z2) 

We make use of the function transf : 

function [X1,Y1,Z1] = transf (X,Y,Z,R>t) 

% TRANSF computes an affine transformation of the point 
% set defined by the matrices X,Y,Z. 

7o [X1,Y1,Z1] = transf (X,Y,Z,R,t) produces a new point set 
% such that 

% [Xl(i, j) ;Yl(i, j) ;Zl(i, j)] = R* [X(i , j ) ; Y(i , j ) ; Z(i , j )] + t 
% holds for all indices i and j . 

[n, m] = size(X); 

H = R*reshape( [X, Y,Z] , [m*n,3] ) ^ + t*ones (1 ,m*n) ; 

XI = reshape(H(l , : ) ,n,m) ; 

Y1 = reshape(H(2, : ) ,n,m) ; 

Z1 = reshape(H(3, : ) ,n,m) ; 

The plot we obtain can be seen in Figure 6. The surface looks like a good approx- 
imation to X. 
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Figure 6. Back-transformed Surface 
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Point-based Geometric Modelling 
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Abstract'. Surface modelling techniques based on parametric polynomials offer simple interactive 
design and efficient interrogation techniques, and are the foundation of most current 
C ADC AM systems. However, they are known to have limitations in respect of their shape 
defining capabilities and the efficacy with which users can make detailed adjustments to the 
model. A new point-based approach to surface modelling, using solely geometric 
constructions, is presented to overcome these problems. Techniques for surface 
interrogation, visualisation and manipulation are introduced and industrial case studies are 
presented 



1. INTRODUCTION 

In this paper we present a fresh approach to C ADC AM: not a change in detail or method 
but a fundamental shift in philosophy. Instead of allowing a polynomial representation to 
occupy the central role as the determinant of shape, we return to the physical object and 
employ geometrically-based procedures that operate directly on points taken from it. In this 
respect, we address the problem originally posed by Ferguson^ and seek to fit a fair surface 
through a grid of points. 

The proposed surface interrogation and manipulation procedures rely on estimates of 
curvature and unit tangent that are computed from a grid of points that characterise the 
underlying surface. This willingness to estimate is the nub of the new approach. We observe 
that the total design/machining process is not exact but an approximation bounded by a 
tolerance. We allow some of the tolerance to be used within the modelling process. In doing 
this, we move away from the notion of an ‘exact’ mathematical representation, of which 
design drawings and the manufactured object are but derivations and approximations, to the 
position where the equivalence class of acceptable surfaces (i.e. those surfaces within 
tolerance of the nominal geometry) is the ultimate shape reference. In terms of accuracy, the 
only restriction is that the estimation techniques are sufficiently accurate that overall error lies 
within the specified tolerance. 

Use of a purely geometric modelling process avoids some of the difficulties that have 
been observed in current CAD systems. Specifically: 

• Data exchange The problem of accurate conversion between different surface 
representations is avoided since shape is captured directly from surface geometry. 

• Reverse Engineering The proposed approach requires only sufficient data to 
characterise the underlying shape and avoids the ‘data clouds’ required by some reverse 
engineering techniques. 

• Ab Initio Design The designer is no longer restricted to polynomial surfaces. 

In section 2 we present the interrogation, manipulation and visualisation procedures that 
underpin the new approach. Two industrial case studies are be presented in section 3 to 
illustrate its accuracy and power. 




2. POINT-BASED MODELLING 

2.1 Assumptions 

In the following sections we shall describe techniques that allow a surface to be modelled 
using a grid of points. It is assumed that the surface is piecewise curvature continuous and that 
the points are sufficiently dense to characterise its shape. As a matter of practical 
convenience, it is also assumed that the grid has a rectangular topology. In order to ensure 
high accuracy, it is assumed that the points are sampled using a spacing that is regular and 
geometric in nature (e.g. arc length). Surfaces that have significant features are most 
accurately modelled when the grid runs parallel or perpendicular to the features. The latter is 
consistent with normal practice when digitising components. 

2.2 General Outline 

A point-based system should possess the functionality of a conventional CADCAM 
system. In particular, it should include procedures for surface interrogation, visualisation and 
manipulation of the model. This can be realised if points that lie between the given data and 
derivatives up to the second order can be estimated in a reliable and accurate manner. 

We shall describe methods for estimating the principal curvature and unit tangent vectors 
at grid points in section 2.3. Using these results, an interpolation procedure for estimating 
curvature, tangent and normals between grid points will be presented in section 2.4. In 
section 2.5 we outline some visualisation techniques to assess the quality and appearance of 
the surface model. In section 2.6 we describe how they may be combined with the 
interpolation techniques to improve the quality of a surface model. 

2.3 Principal Curvature and Unit Tangent Vectors at Grid Points 

Consider a string of five consecutive points pj_ 2 , Pj+2 that lie on the surface to be 
modelled. The curvature at the centre point, pj, may be estimated using a technique based on 
circular constructions. If the curvature vectors at pj of the interpolating circles through {pj_i, 

Pi, pj+j} and {Pi.2’ Pi? Pi+2^ denoted by kj^ and respectively, then it is reasonable 
to expect that, for well spaced data, provides a better estimate for kj, the curvature vector 

at Pj, than kj^. The Richardson extrapolation principle^, may be applied to kj^ and kj^ to 
obtain an improved estimate for kj : 

^ _ (Sj-2 +s.-iXsj +Si.i)k‘ -Sj_iS.kf 
‘ (Si-2+Si-,XSi +Sw)-Si-lS. 

where Sj is the arc length between grid points pj.j and pj Arc lengths may be similarly 

estimated by a method based on circular interpolation. Two estimates of the arc length 
between pj and pj+j may be estimated by fitting circles through the four points {Pj_j, Pj, 

Pj+j, Pj+2 ) 5 with the final estimate of Sj being taken as the arithmetic mean to remove any 
bias. 

It can be shown that kj is a second order approximation to the principal curvature vector 
when the data is approximately regularly spaced. The approximation can still be used even if 
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the data is irregularly spaced because it is well-defined and continuous for any combination of 
arc lengths. It is also invariant with respect to constant scaling and reversal of point ordering. 

Using a similar procedure, the interpolating circles may be used to provide two estimates 
for the unit tangent, tj^ and , at point pj from which an improved value may be calculated. 

Details of the method, error estimates and sample calculations are given in the paper by 
Tookey and Balf . 

2.4 Interpolation Between Grid Points 

Once the principal curvature and unit tangent vectors have been computed at the grid 
points, a geometric construction, based on a generalised Cornu spiral (GCS)'^, may be used to 
estimate intermediate points and unit tangents. A particular benefit of using a GCS is that it 
not only matches end points and tangents exactly but has a curvature that varies 
monotonically as a rational linear function of the arc-length. This guarantees a high quality 
interpolating curve. 




Consider the general case where consecutive grid points, pj and Pj+j, and their associated 
unit tangents, tj and tj+|, do not lie in a plane. Since the GCS construction procedure is 
planar, it is necessary to calculate two projections of the intermediate point and then combine 
them to obtain its three-dimensional position. See figure 1. Let Qq and Q| be the two planes 
that contain pj , pj+j , tj and pj , pj^j respectively. 

The GCS fitting algorithm requires the curvature and unit tangent at both end points and 
so tj+i and kj^.] must be projected onto Qq, with similar projections onto Qj. The formulae 
to accomplish this may be found in TookeyL 

The GCS fitting algorithm^ employs a robust iteration scheme that ensures the 
interpolating curve exactly matches the end points and tangents whilst producing approximate 
values for the end curvatures and arc length. Once these values have been determined, it is a 
simple matter to evaluate positions and derivatives at intermediate points. 

Assuming both planar GCSs are single-valued with respect to the chord, then the three- 
dimensional GCS is well-defined. It can be computed by intersecting the ruled surfaces 
formed by extruding the planar curves parallel to their respective normals, as shown in figure 
1 . 

Ifu (0 <= u <= 1) is a parametric distance along the chord and qj^(u) and qj^(u) are the 
projections of the intermediate point on planes Qq and Qj, then the point's three-dimensional 
position qj(u) may be obtained by taking the mean position of the points’ projections, as 
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described in Tookey^. There are a number of sub-cases (e.g. coplanar points and tangents) but 
procedures exist to deal with them. We shall discuss the accuracy of the interpolation 




New grid point 

method in section 3. 

Figure 2. Insertion of new points by Interpolatory subdivision 

The interpolation forms part of a point insertion procedure that may be used to create a 
denser grid of points lying on the surface. To achieve this, each row of the grid is traversed 
and the interpolation is applied to consecutive pairs of points so as to introduce columns of 
construction points, as shown in figure 2. 

The revised grid, including the columns of construction points, is then traversed column- 

1 

by-column, to produce an estimate Qij of each new grid point. To remove any bias, the 

complete procedure is repeated, but this time the grid is swept in ‘first column then row’ order 

2 

SO as to produce a second estimate for each new point, Qij . Finally, the revised grid is 
defined to be the original points plus the arithmetic mean of the two sets of estimates. 

The process may be applied recursively to generate the limit surface of the object, to 
within a specified tolerance. A similar process is used to compute unit tangents at the 
intermediate points. Experiment has shown the point insertion process to be stable, well 
behaved and accurate. 

2.5 Surface Visualisation 

Techniques for visualising and assessing surface quality have been developed to support 
point-based modelling. Being based directly on geometry enhances their power to diagnose 
surface quality^. It should be emphasised that the need for quality is not just a question of 
mathematical rigour or aesthetics. Even small surface imperfections can have serious and 
expensive consequences at the manufacturing stagel 

A particularly useful method of assessing the quality of a point-based surface model is to 
plot geometric parameter (gp) curves. These are the discrete analogue of conventional 
isoparametric curves but are related to geometric invariants: in this case, arc length, tangent 
angle and normal angle. All three methods are founded on the discrete form of the generic 
reparametrisation : 
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g(^) 



G(u) du 
|0(u)du 



where u (0 <= u <= 1) is an underlying parametrisation and the function G(u) is chosen 
according to the required reparametrisation 

Each of the strings of points bounding the grid can be reparametrised with respect to the 
chosen geometric invariant, so that points equally spaced in that invariant can be generated. 
Connecting corresponding parameter values with a linear interpolant will produce a simple 
but useful approximation to the true geometric surface curves. Procedures for computing 
geometric points in the interior of the grid have been developed to produce a more accurate 
visualisation of gp curves. We will provide examples of the output from such procedures in 
figures 6 and 7. 

Procedures for plotting contours on the surface model are also available. The grid of 
points and a chosen height vector are rotated so that the height vector lies in the z direction. 
The grid is then recursively sub-divided until the distance between consecutive points is small 
enough for heights to determined, within a given tolerance, using linear interpolation. The 
sub-divided grid is then faceted with triangles. Intersecting the height vector with the faceted 
surface along lines of constant x and y provides sufficient points to generate the required 
contours. We note that this method is crude but it serves to illustrate how a point-based 
system can provide analogues of the facilities normally found in conventional CAD systems. 



2.6 Surface Manipulation: Sanding and Filling 

The ability to manipulate the surface model in a simple and intuitive manner is a key 
practical feature of the point-based approach. Shape may be adjusted by moving points, safe 
in the knowledge that the interrogation procedure will modify the surface to fit the new data 
exactly. This contrasts with conventional systems where modification is usually carried out 
by altering vertices in the characteristic polygon or by changing weights. Being non- 
geometrical in nature, it may be difficult for the designer to relate these controls back to the 
required geometry. The problem of ‘tidying up’ an imperfect polynomial surface so as to 
achieve quality of fit as well as quality of form has been discussed in the literature 



3. CASE STUDIES 

Figures 3 and 4 provide indications of the amount of data required to construct a useful 
surface model and the accuracy of the point insertion procedure. Figure 3 shows a grid of 6 
by 26 points sampled from a five patch, biquintic Bezier CAD surface model of an Austin 
Rover car roof In this example, the number of grid points is identical to the number of 
distinct vertices that were used to construct the original CAD model. 
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Figure 3. Grid of points used to model car roof 

Figure 4 shows the original grid (marked by squares) and the new half points (marked by 
arrows) that were generated by the point insertion procedure. The inserted points were 
compared with the original CAD surface and discrepancies greater than 0.01mm are marked 
by black circles. All five circled points lie on the boundary between two patches and 
correspond to discontinuities in curvature (i.e. surface flaws) in the original CAD model. 
Similar comparisons have been made with other test cases and the same level of accuracy has 
been observed. 
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Figure 4. Roof model after insertion of half-points 

Figures 5 to 7 illustrate the visualisation and sanding techniques introduced in sections 
2.5 and 2.6. Figure 5 shows a grid of 8 by 25 regularly spaced points taken from a 
polynomial-based model of a part of an aircraft foreplane. Figure 6 shows a tangent 
parametrisation of the data which was generated using the visualisation techniques discussed 
a section 2.5. Irregularities in two areas to the left and right of centre suggest local surface 
imperfections. 

Figure 7 shows the same surface but after the sanding procedure outlined in section 2.6 
had been applied to three sets of points in the worst affected areas. The greater regularity of 
the constant tangent lines indicates a higher quality surface that is less likely to induce 
problems during manufacture. The improvement involved Euclidean point movements of not 
more than 0.005mm. 



Figure 5. Point definition of a foreplane 
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Figure 6. Tangent parameterisation of original foreplane 



4. CONCLUSIONS 

We have presented a point-based, purely geometric approach to modelling free-form 
surfaces. The approach has significant benefits including greater flexibility in terms of the 
geometries than can be modelled and diagnostic and manipulation tools that relate directly to 
the shape and quality of the surface. A high quality surface is assured since the method is 
based on a linear curvature segment. The data requirement and accuracy of the new method is 
comparable with current CAD techniques. Research and development is continuing with the 
active collaboration of industrial partners. 
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Abstract: This paper discusses the methods and benefits of the modem electronic manufacturing 

model. Computer software is used to accurately simulate the material removal process of an 
NC tool path, creating a solid model which accurately represents the “as-machined” part. 
This model provides manufacturing engineers with a tool to speed and improve the entire 
NC manufacturing process. 



1. INTRODUCTION 

Today’s manufacturing marketplace is more competitive than ever. The good news is that 
there are practical, affordable tools and techniques to reduce costs, speed time to market, and 
improve product quality. 

Modem NC simulation and verification software gives engineers the ability to take the 
guesswork out of NC machining and eliminate costly mistakes and delays through the 
creation of an electronic “manufacturing model.” The manufacturing model is not merely 
temporary manufacturing geometry used for cursory inspection purposes. Rather, it is a three- 
dimensional solid created by a computer simulation of the manufacturing process. This “as- 
machined” manufacturing model is identical to what is anticipated from the final machined 
product. 

The modern manufacturing model provides many benefits. Simulating the NC machining 
process to create the model verifies that the machining process will go smoothly by reducing 
or eliminating delays, scrapped parts, broken tooling, and costly machine crashes. Once the 
model is finished, it can be compared with the design model and inspection models to test the 
accuracy of the NC tool path program, the NC machine, and different process strategies. The 
manufacturing model is a valuable reverse engineering tool and a method for engineers to 
bring the “as machined” part data back into the CAD system. Finally, once its accuracy has 
been verified, the manufacturing model can also be used to automatically optimize NC 
program feed rates in order to reduce the required amount of machining time. This boosts 
productivity, reduces machine wear, prolongs tool life, improves part quality, and decreases 
time-to-market. 



2. CREATING THE MANUFACTURING MODEL - 
SIMULATING THE NC TOOL PATH 

NC verification software provides an “electronic preview” of the NC machining process. 
The user creates the starting stock material either by specifying the dimensions of some 
simple shapes, or importing a previously created stock model from a CAD system. Clamps 




and fixtures are defined the same way. The cutters to be used in the machining operation are 
also set up in the software or imported from a CAD system and stored in the software’s tool 
library. Last, the tool path to be simulated is brought into the program. 

With these three pieces of ‘nformation, the simulation and verification software cuts a 
three-dimensional solid part, just as a machine tool on the shop floor would. Errors (fast feed 
contact, gouges, collisions between clamps/fixtures, excess material, etc.) that could 
potentially ruin the part, damage the fixture, break the cutting tool, crash the machine, or 
otherwise delay the production schedule are detected prior to sending the NC program out to 
the shop floor. Most quality NC verification software packages work with G-codes and CAM 
output to support two-axis through multi-axis milling, drilling, turning, mill/tum, and wire 
EDM operations, consolidated in a single simulation system. 



3. ACCURATE SIMULATION OF NURBS CUTTER PATHS 

In order to get the full benefit of the manufacturing model, it is important that the NC 
simulation and verification program accurately simulates what actually occurs on the machine 
tool. Because of the complex shapes, NURBS (non-uniform rational B-spline) is an 
increasingly important method for defining curves in sculptured surface machining. Control 
manufacturers such as Fanuc, Siemens and Toshiba have developed NURBS interpolation 
capabilities. And several major CAM developers are following suit. 

Until recently, the only way to machine curved surfaces (other than circular interpolation 
records) was “tesselation” - the process of breaking each curve into a number of short straight 
line segments, or facets, which the control could understand. But a series of facets to 
approximate a curve is not smooth, fast, or efficient. Each curve requires many lines of code 
to approximate the contoured surface, increasing the size of the NC program and machining 
time. And the facets must remain small, limiting the achievable feed rate. 

This changed with the advent of NURBS. NURBS is a mathematical method that can be 
used for defining a complex curve. This improved shape definition enables machines to cut 
complex shapes in smooth, continuous motions rather than approximating the shape with a 
number of short linear cuts. Each curve contains ‘control points’ and ‘knots’ which are 
applied to a formula to express complex shapes in a continuous curve. Because NURBS do 
not require several discrete motions to create curved shapes, the result is smoother machine 
motion and higher quality surface finish on parts. 

By supporting NURBS curves for tool path simulation, NC verification software enables 
manufacturing engineers to accurately simulate exactly what takes place on the NC machine 
tool and create a more accurate manufacturing model. 

Of particular importance to those machining sculptured surfaces, are some of the 
problems NURBS pose for efficient machining. Although they produce smoother motion, 
each NURBS command travels over a much longer distance than point-to-point motion. 
While moving along a NURBS curve, the cutter is likely to encounter different material 
conditions that require different feed rates. A single “safe” programmed feed rate for each 
NURBS command can be very inefficient or cause incorrect cutting during the NURBS 
motion. 

The problem, however, can be solved with NC verification software that optimizes 
programmed feed rates (see Section 6 Reducing Cycle Time - Using the Manufacturing Model 
to Optimize Feed Rates). Using VERICUT optimization with NURBS interpolation combines 
the benefits of NURBS interpolation with a high level of feed rate control. By inserting 
optimized feed rate values within the NURBS interpolation definition, the feed rate is 
optimized without changing the trajectory of the NURBS curve itself 
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4. USING THE MANUFACTURING MODEL - 

VERIFICATION, INSPECTION, AND ANALYSIS 

Once an accurate representation of the real machining process has been created, the 
resulting manufacturing model can be used to verify the integrity of the tool path, the 
accuracy of the machine, and the quality of the machining process. 

Often, from the time a part is designed to when it is ready to be machined, the design has 
passed through several people, departments, companies, and CAD/CAM systems. In the end, 
it is difficult to tell if the tool path accurately reflects the original design intent. Without a 
“virtual model,” the only way to be sure is to cut the part and do a time-consuming first article 
inspection. 

The manufacturing model provides engineers with an excellent low cost electronic 
documentation and analysis tool. The simulated cut model can be quickly zoomed, reversed, 
rotated and viewed as a translucent. The model can be sliced into multiple cross-sections, 
enabling them to check areas that would be impossible to see on the “real part” - such as the 
intersection of drilled holes. And, three-dimensional measurements (thickness, volume, depth, 
gaps, distances, angles, hole diameters, corner radii, and fillet radii, etc.) can be taken of the 
manufacturing model to verify the dimensional accuracy of the finished part before the tool 
path program ever leaves the computer. 

Using the manufacturing model, anyone involved in the production process can identify 
an incorrectly machined area or mistake in the tool path by electronically comparing it against 
the original CAD design model. 

The manufacturing model can also be used to test the accuracy of NC machines and 
machining strategies. VERICUT®, CGTech’s NC verification software program, was used at 
a major U.S. automotive manufacturer to evaluate high speed machining centers. A 
manufacturing model was created by running a complex die surface tool path through 
VERICUT. The part was then cut on several different high-speed machines. Each part was 
inspected on a CMM machine, creating a “cloud” of points which accurately represented the 
machined surface. The resulting inspection data was compared to the manufacturing model to 
check how well each machine and machining strategy matched original tool path. This 
company used the results to compensate for accuracy problems resulting from cutting 
technique or machine characteristics or limitations. 



5. REVERSE ENGINEERING - BRINGING CAD AND CAM 
TOGETHER 

The manufacturing model gives engineers a way to work with NC tool path data in a 
CAD system. By simulating the material removal process of the NC tool path and exporting 
useful CAD data, the results of the simulation can be imported into the CAD program. It can 
then be used for general analysis, or to check if mating parts match correctly in an assembly, 
for example. 

The manufacturing model can also be used to represent the in-process material for 
subsequent operations. Often, several different machining operations must be performed to 
create a single part. It is difficult to view the changes to the workpiece throughout these 
different operations. The manufacturing model is an excellent tool for engineers to be able to 
visualize these changes. At the end of each machining operation, a new model can be created, 
exported, and used as the starting stock for the next operation. This not only helps track the 
progress through the project, but is helpful in avoiding set-up mistakes and machining errors. 
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6. REDUCING CYCLE TIME -USING THE 

MANUFACTURING MODEL TO OPTIMIZE FEED 
RATES 

After determining an NC program is error free and produces a dimensionally accurate 
manufacturing model that matches the original design intent, it is ready for the final step in 
NC verification - feed rate optimization. Feed rate optimization is the process of analyzing 
current machining conditions and replacing the existing programmed feed rate with a feed rate 
that better suits those conditions. 

With current technological advances in cutting tools, tool materials, and automatic tool 
path generation software, it is increasingly critical to use the right feed rate for each and every 
cut in the NC tool path. By optimizing NC feed rates, manufacturers can significantly reduce 
the time require to machine parts. Other machining benefits include improved surface finish, 
reduced machine & cutter wear and reduced need for manual feed rate adjustment. In the end 
manufacturers benefit from increased productivity and faster time-to-market. 

However, determining and setting the optimum feed rate has traditionally presented NC 
programmers and machinists with a number of problems. Because an incorrect estimate can 
break the cutting tool, damage the fixture, and scrap the part - usually only one or two 
conservative feed rates are used. Typically, the ‘safe’ feed rates chosen are a compromise 
between tool life, cycle time and the worst-case cutting condition encountered. 

These ‘worst-case’ feed rates are fine for the cuts which remove the largest amount of 
material or encounter the worst cutting conditions. Unfortunately, these slow, poorly 
controlled speeds waste time, increase manufacturing costs, and create poor cutting conditions 
elsewhere on the part. 
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Figure 1. Unoptimized tool path vs. optimized tool path 

CAM software does not provide the in-process material information necessary to 
determine optimum feed rates for each individual cut. And many CAM systems have limited 
cut patterns that do not fit the workpiece geometry. Their machining strategies and cut 
patterns are not very efficient for common operations such as open boundaries, roughing cuts 
on complex shapes, complex pocketing, or planar roughing on mold cavities or cores. 

Cutters often waste a lot of time “cutting air” or feeding slowly across previously 
machined surfaces of the part, in contact with it, but not removing any material. Additionally, 
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an automatically generated tool path may plunge the cutter into material at an incorrect or 
inefficient angle. The end results can include excessive machining time, bad workpiece 
finishes, increased cutter wear, and broken tools. 

CAM systems do not show the changes as the tool path is applied to the workpiece. It is 
therefore very difficult for the programmer to visualize the in-process material in an attempt 
to select the best feed rate for a particular cut. Even if the NC programmer somehow knows 
the optimal feed rates to use for each individual cut, inserting them into the tool path program 
is time consuming and error prone. And for large tool paths associated with sculptured 
surfaces, it is extremely impractical, if not impossible, to manually edit the feed rate changes 
into the NC program. 

The automatic feed rate optimization capabilities of VERICUT work on a simple premise 
- feed rates increase as less material is being removed and decrease as more material is being 
removed. Cutting motions are divided into segments. Based on the amount of material 
removed, the software determines the ideal feed rate for each segment. Without changing the 
trajectory, the updated information is automatically applied to a new tool path. 

Different types of optimization methods are available for different stages of machining. 
During planar roughing, material is removed at a constant depth, but the width of cut varies 
greatly. To achieve the best feed rate, the software takes into account the depth of cut and the 
percent of the cutter width buried in material. The software determines the amount of material 
removed in each segment of the tool path. It then assigns the best feed rate using the 
information supplied by the NC programmer and/or machine tool operator. 

Semi-finish cutting is typically characterized by varying cutter loads as the tool profiles 
through the rough cuts to near net shape. Here, it is not as important to analyze depth and 
width of the cut, but rather the amount of material in contact with the cutter and the angle of 
the cut along the tool axis. To achieve a smooth cut, the software optimizes feed rates to 
maintain a constant volume removal rate. Along with a maximum volume removal rate, the 
contact area and angle are used to determine the appropriate feed rate for each segment of the 
cut. Therefore, the feed rates continually change over the course of the cut in order to 
maintain a constant cutting load. 

Optimizing the finish pass involves optimizing the spindle speed (RPM) and feed rate to 
maintain a constant chip load, or feed per tooth (FPT). Depending on machine capabilities, 
this produces the best finish while cutting at the fastest possible feed rates. The software 
maintains a constant surface speed and FPT by adjusting the RPM and feed rate. The software 
factors the diameter of the tool in contact with material together with the constant surface 
speed to determine the proper RPM. It uses the calculated RPM, FPT, and the number of teeth 
to calculate the ideal feed rate. Tool paths optimized to maintain a constant FPT are useful in 
high speed machining where the tool is removing small amounts of material. The constant 
FPT produces consistent tool marks. The constant surface speed produces a better finish due 
to improved cutting action. 

The ability to simulate control-based acceleration and deceleration during direction 
changes is also an important ingredient to optimizing NC program feed rates. First, it helps 
the NC verification software to more accurately optimize feed rates because it takes into 
account the changes in as each axis accelerates and decelerates. Secondly, it enables the 
software to simulate the machine’s true feed rates. With this information, the software is able 
to automatically modify the feed rates based on the physical abilities of the machine tool. 

6.1 Optimization benchmark 

A benchmark by Kryle Machine Tools International Ltd. and Seco Tools (UK) Ltd. to 
demonstrates the benefits of using the manufacturing model to optimize NC program feed 
rates. 

A Kryle ‘tool room specification’ VMC 700M equipped with a Mitsubishi M530 MC 
CNC control with a high-speed Ethernet connection was used. NC data was streamed over the 
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Ethernet link during the cutting process from a 166 MHz PC. G61.1 positive stop mode was 
used to maintain accuracy. Seco Micro Turbo milling cutters were used for both roughing and 
finishing operations. 

A part was first machined with a program using the originally programmed feeds and 
speeds. The roughing program used a single feed rate of 1 meter / minute and took 67.9 
minutes to complete. The semi-fmishing cycle time was 47.6 minutes. Areas of inefficiency in 
the program (including long periods of light or spring cutting mixed with short periods of 
heavy cutting) were easily identified. 

The part was then cut using an optimized program. The optimized program contained 
feed rates varying from 1 meter - 10 meters/ minute in order to maintain a consistent material 
removal rate. The roughing operation was completed in 36.3 minutes. The time savings on the 
semi-fmishing operation was even more marked, with an optimized time of 19.8 minutes. 

7. OTHER USES FOR THE MANUFACTURING MODEL 

Using VERICUT to create the manufacturing model and improve feed rates also enables 
the manufacturer to provide other software applications detailed information on the current 
cutting conditions of any NC milling operation. A German aerospace manufacturer machines 
very large, thin wall (1 mm) aluminum parts at high rates of speed. Occasionally, the 
combination of part geometry, cutting direction, and cutter wear causes excess heat to build 
up in the workpiece. That heat was causing thermal damage to some very expensive parts. 
The company’s research and development department responded by writing a thermal 
analysis program. With the program, they could feed in data such as type of tool material, 
coolant, ambient air temperature, cutter geometry, cutter wear, material thermal 
characteristics, material thickness around the cutter, etc. for a particular cut. The program 
would then output the heat transfer in the material at that location along the cutter path. 
However, they had no way of constantly feeding this information into the analysis program 
for the entire tool path. 
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Figure 2. Thermal analysis - NC verification software datalink 

The company was an avid user of VERICUT. Consulting with CGTech, they determined 
the information they needed was being generated as they verified their parts. An inter-process 
communication channel was set-up between VERICUT and the analysis program. With this 
setup, engineers now simultaneously watch the material removal simulation and monitor the 
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heat transfer as the cutter moves through material. This ensures correct cutting of the 
aluminum structures and no workpiece damage due to the excessive heat transfer from the 
cutting process. 



8. SUMMARY 

This paper presents uses for an electronic “manufacturing model” in the NC machining 
environment. Accurate representation of the tool path (including NURBS interpolation, 
acceleration/deceleration, etc.) is a pre-requisite, especially in the context of complex surface 
machining. In addition to checking the validity of the tool path, the manufacturing model 
enables programmers to optimize feed rates in order to save time and improve part quality. 
The very process of creating the manufacturing model generates information that can be used 
in alternate applications or subsequent operations. 
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Abstract: Speed and accuracy are important criterion for evaluating any NC verification 

system. The speed must be much faster (preferably by orders of magnitude) than 
physical machining. The accuracy must meet shop floor usage. Extension of an 
NC verification system to model the impact of very small CNC performance 
errors (geometric and thermal machine errors) on the workpiece introduces 
additional and very stringent demands. Typical performance errors can be as 
small as 10 microns or less. On a 3 axis CNC, the performance errors can lead to 
effective 5 axis tool moves (e.g. by rotating the spindle from the nominal tool 
axis). The central issue is whether any virtual CNC can model sueh small errors 
over complex tool paths in reasonable computational times. Progress will be 
reported on a research program designed to meet these requirements. 



1. INTRODUCTION 

MentorLink, in collaboration with N-See Software, is developing a virtual CNC that 
models performance errors on a 3 axis CNC. The work is being carried out in collaboration 
with several industry partners as party of the NIST National Advanced Manufacturing 
Testbed (NAMT) project [Blomquist, 1996]. This paper will report on progress on that project, 
which in the first phase is limited to geometric errors. 

The focus of the project is on the workpiece. Much earlier work on performance 
modeling has only considered a general map of the errors at points as generated by applying 
the CNC error data to a rigid body kinematic model of the CNC or have limited the tool paths 
and geometries to simple slotting cuts [e.g. Donmez, 1986; Kirendena, 1991; Chen, 1993; 
Pahk, 1997]. The error map gives some guidance on the scale of the errors, but does not 
translate directly into errors on the workpiece since the map only provides errors at the tool 
tip while the tool and the tool sweeps are extended objects. 

Our interest is on the signatures left behind by CNC performance errors on the workpiece. 
The goal can be stated as 

Given the error model for a CNC, the NC part program and the Set Up (stoek geometry, 
position and orientation, fixturing and tooling), determine if the part produced on that 
CNC will meet specified quality conditions. 

An Industry representative in the NIST NAMT project [Covington, 1997] has re-stated this as 
requiring 

A simple and reliable way for a shop floor person to accept the above information (error 
data, stock, tool) and to receive a Go/NoGo signal for his particular quality 
requirements on a particular CNC for a specified part program, prior to physical part 
production. 



2. PROJECT SUMMARY 

The first phase of this project is limited to geometric errors on a 3 axis mill. The end 
product will be attuned to shop floor use, being robust, reliable and semi-automated, so as to 
meet highly variable skill sets. The project is composed of three parts: A Kinematic Error 




Model, A Virtual CNC capable of handling the required speed and accuracy, and Quality 
Assurance. 



3. KINEMATIC ERROR MODEL 



Geometric errors can arise from a variety of sources. Guides may not be straight or the 
spindle may not be correctly aligned. Each axis can have up to 6 degrees of freedom for its 
error components. For example, moving the CNC to a nominal X coordinate can lead to errors 
in the actual X,Y and Z location as well as pitch, yaw and roll (angular) errors. In addition, 
there may be errors due to a lack of squareness between axes, leading to a total of 3 axes*6 
Degrees of Freedom per axis for a total of 21 degrees of freedom or error parameters as 
described, for example in [Chen, 1993]. 

The error parameters can be extracted from the raw error data using such devices as ball 
bars, electronic levels and laser measurements. Guidelines for characterizing the performance 
errors on a CNC may be found in the ANSI/ASME B 5.54 Standard [ANSI/ASME, 1991]. 
Sample results for the error parameters are given in [Chen, 1991; Donmez, 1986; Kiridena, 
1991; Pahk, 1997]. Normally, they are obtained by a least squares fit to the data, but 
Tajbakhsh and collaborators [Tajbakhsh, 1997] suggest some modest improvement in the 
error modeling can be made using a Chebyshev norm (essentially minimizing the maximum 
deviation, rather than minimizing the sum of squared deviations in the fit. 

We will adopt the following notation for these 21 error parameters. R refers to rotational 
or angular errors, T refers to translation errors and S to squareness errors. The left subscript 
will indicate the moving slide associated with the error and the right subscript will indicate the 
error direction. So, for example, xTy refers to the translational error of the X axis along the Y 
direction. The error parameter is normally considered to be a function of the position of the 
associated moving slide relative to a reference point. 

The kinematic equation relates these 21 error parameters to actual error offsets and 
angular displacements in the CNC machine coordinate system. The form of the kinematic 
equations depend on the machine tool configuration - how each slide is stacked on top of the 
other. The following derivation is for a vertical spindle, traveling gantry machining center as 
shown in Section 2.2.11 of the ANSI/ASME B5.54 Standard [ANSI/ASME, 1991]. The 
results reported will be for this class of CNC. We have also derived similar kinematic 
equations for other classes of CNCs. 

The derivation of the kinematic error equations starts with homogeneous transformations 
for each machine axis. For each slide or axis there is a transformation indicating how a point 
is referenced in an ideal system (e.g. Hxideal) and how that position is altered due to the 
geometric performance errors (e.g. Hxerror). For this specific machine tool configuration, the 
transformation matrices are: 
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The total transformation can be found by a matrix product as: 

H = Hxideal Hyideal Hzideal T + Hxerror-Hyideal Hzideal-T -t- Hyerror HzideaM + Hzerror T 

This leads to the final equations relating ideal (as-programmed) coordinates to the actual 
(true) coordinates: 

X^j^g =X+ Xp -h xTx-h yTx zTx- (xRz-t- Sxy) (Y-i- Yp) -i- (xRy+ Sxz) (Z + Zp) +- yRy -(Z -t- Zp) - yRz'Yp-i- zRy^Zp - zRzYp 
Ytrue = Y+ Yp-i- xTy +- yTy + zTy - xRx(Z -h Zp) 4 - (xRz+ Sxy) Xp - (yRx-h Syz) (Z 4 - Zp) 4- yRz Xp - zRxZp 4- zRzXp 
Z =Z 4- Zp 4- xTz4- yTz 4- zTz4- xRx( Y4- Yp) - (xRy 4- Sxz) Xp 4- (yRx+ Syz) Yp - yRy Xp 4- zRx Yp- zRy Xp 

In these equations, X, Y and Z refer to the as-programmed tool position in machine 
coordinates at the “tool gauge point.” Xp, Yp and Zp refer to an offset from the tool gauge 
point and defines where the tool is actually cutting the part leaving a surface feature at X^^ue, 
Y 7 

^ true? ^true- 

4. VIRTUAL CNC 

The virtual CNC for this project is based on the N-See 2000™ true solid model 
verification system. This system is based on a proprietary solid model that is tuned to CAM, 
as opposed to CAD, applications. The system is designed to replicate actual CNC metal 
removal, to shop floor accuracy, in times that are orders of magnitude less than physical 
machining times. The program is available both in a PC version (95, 98 and NT) as well as 
Unix. N-See 2000 has recently been extended to include support for full 5 axis verification. 

The NC verification program is solid model based, so there is no need to re-compute the 
model or open a new window for each view orientation. The model may be rotated, zoomed 
(including a very accurate “deep zoom” for unlimited depth of zoom), cross-sectioned, and 
inspected. Automated comparison is available with a CAD solid model. N-See 2000 also 
includes a dexel-based module that allows the user to follow the tool as the part is cut. 

Dexel-based systems usually have some limitation due to the preferred direction of the 
dexels. Further, there can be a compromise between speed and accuracy since increased 
accuracy entails a denser array of dexels which in turn increases computational times. A true 
solid model is isometric, not anisotropic in accuracy, and can offer much faster computational 
times while maintaining the required accuracy. Nonetheless, dexel systems are very attractive 
since they offer a hands-on, direct view of the tool cutting process. 

N-See 2000 offers a unique combination of the two techniques. The user can start out in a 
dexel or animated view and then “fast forward” to a later point in the NC program in the solid 
model mode. They can then re-start the animation, with the new dexel view derived from the 
underlying solid model. This also means that users can rotate to any view at any time in the 
part program to follow tool animation from any perspective. 

This flexibility is particularly important for 5 axis machining, where the part programs 
can be very long to process and views to see, for example, if the programmed 5 axis tool 
motion causes a collision with the part can be difficult to predict in advance. The users can 
fast forward to a problematic portion of the part program, rotate to a view of interest and 
follow the tool animation from that point onwards. 

A key question to answer in this research project is whether the N-See 2000 solid model 
engine will be able to model the effective 5 axis tool moves (a 3 axis CNC with performance 
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errors) in acceptable CPU times. This and other characteristics of the N-See 2000 system 
follow in the next section. 



5. N-SEE 2000 PERFORMANCE 

The N-See 2000 solid model engine is able to model full 5 axis tool moves, including tool 
cuts that involve undercutting (such as a turbine blade) in quite acceptable CPU times. This is 
significant, since even 3 axis tool moves - when simulating a CNC with performance errors - 
become effective 5 axis tool moves due to the angular errors introduced into the tool 
orientation. 

The CPU processing times depend on the part program and the tooling. A tool cut that 
removes a large volume takes longer than a short tool move. So the “CPU time per block of 
NC code” depends on the length of the tool moves and the size of the tool. That said, for 
typical sculptured surface parts, N-See 2000 processes between 500 and 4000 blocks of NC 
code per second in its current “Turbo” mode on a Pentium II 233 MHz PC. Further 
optimizations are feasible which can substantially increase that processing speed. The Turbo 
mode is for strictly 3 axis milling with no tool animation displayed. The higher speeds are for 
true finishing passes where the tool sweeps are relatively short and shallow. The 5 axis 
variation, which is referred to as the Common Modeling System, runs at about half that speed. 
Previous commercial systems typically report a slow down of a factor of 4 to 8 when running 
in the 5 axis mode. 

The N-See 2000 Common Modeling System includes both the solid model and a tool 
animation (dexel) system. The user is able to switch between the two presentation methods. 
That is, the user can process a part in the solid model mode and then switch at any time to a 
tool animation from any point of view without reprocessing the entire part program from the 
start. Currently, this appears to be the only commercial system that offers this expedited 
switching between animation and solid mode. This is done since the data structure for the 
animation is created from the accurate solid model (Common Model), placing no constraints 
on the animation orientation. This is particularly convenient, for example, when the user 
needs to follow the details of a complex 5 axis tool sweep midway through the part program 
in a region that is not immediately accessible to view. 



6. QUALITY ASSURANCE 

The nominal tool path, derived from the part program, must be modified. The equation 
given above for the error in X for a nominal XYZ, tool length and parametric errors only 
provides the error coordinate at a point. As the tool sweeps out a path, the entire path must be 
modified, not just the end points. So, for example a nominal path from A to B becomes an 
actual path from A’ to B’ in the presence of performance errors. The tool path will be 
modified in an iterative fashion to maintain a suitably close approximation to the actual path. 




^ B' Tool Path with linear internolation between actual tool noints 

Figure 1. An example of the presence of performance errors 
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Working from these altered tool paths, this project will introduce a number of quality 
assurance modules to assist the end user in determining whether the part program, stock, tools 
and CNC performance errors combine to produce an acceptable or unacceptable workpiece, 
based on a quality criterion. 

The quality assurance modules will include: 

> Graphical and Numeric Comparison of perfect (as-programmed) vs. imperfect 
(performance errors) CNC part 

> Comparison of part made on imperfect CNC with as-designed part 

> Sensitivity Analysis; Error Signatures associated with certain types of machine errors 
for a particular class of parts 

> CMM point (XYZ, normal and error value) inspection 

> Automated reporting of Worst Point(s) - indicate graphically and numerically the 
location, the error value, tooling and line(s) of G code that may be edited to correct 
the error 

> Sweet Spot Location: Apply 6 degrees of freedom to the stock position and 
orientation to find optimal fixturing for minimum performance errors on the 
workpiece. 



7. RESULTS 

The kinematic error model equations have been used to perturb the tool sweep for various 
parts being modeled with the N-See 2000 software. Currently the input data is derived by 
assuming each of the 21 error parameters can be treated as a second degree polynomial in the 
axis of interest (a reasonable assumption based on most actual CNC error data) with the 
polynomial coefficients specified in a table. Currently all trial runs have been carried out with 
synthetic data using selected values for the polynomial coefficients. 

The N-See 2000 Software Development Kit (a suite of C and C++ procedures that form 
the basis for the commercial product) was used as the basis of a program which carries out a 
preliminary error analysis of a series of parts. Part programs have been run with an ideal 
(perfect) CNC, the resulting ideal part is then output in solid model (STL) format and then run 
again with specified CNC performance errors. The ideal part is then compared with the part 
made with an imperfect CNC via the “STL Compare” feature available in N-See 2000. The 
latter results in a colored display of the part, with different regions in different colors 
depending on whether the region is within a given tolerance of the standard (ideal part) model, 
is undercut (excess material) or overcut (gouged). 

The time to process the STL compare is about 10 seconds on a 233 MHz PC for a modest 
sized (few MB) STL file. The time to re-display the comparison image, with new colored 
bands for a new tolerance value, is less than 10 seconds, relatively independent of the STL 
file size. 

The colored display from the STL compare has been shown to be a convenient tool in 
carrying out a sensitivity analysis to determine how specific or combined CNC geometric 
errors may imprint themselves on a given part. 

The accuracy of the STL Compare is a few ten thousands of an inch over a ten inch part. 
The “Deep Zoom” capability of N-See 2000 allows users to to select a specific part region 
and re-process the part over that region. This means that the current system can accommodate 
very small errors over even large parts by successively analyzing discrete regions. 



8. FUTURE PLANS AND NEEDS 

This is an on-going research project and we are reporting on “work in progress.” There is 
a need to make the error analysis much faster and more convenient. Currently, changing the 
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error parameters and generating a fresh part with shaded error regions is cumbersome and a 
relatively slow process. The goal is to substantially increase the processing time and, at the 
same time, allow a convenient real time variation of the error parameters. 

Another important need is good CNC performance data along with corresponding part 
inspection data. There is a dearth of CNC performance data since a complete machine tool 
characterization can take as long as 40 hours. However, new systems are being developed by 
various commercial vendors which are reducing that by an order of magnitude and more. To 
completely validate the simulation process, we also require parts which have been made on 
well characterized CNCs and which have then been carefully inspected with a CMM. This 
will provide us with an external check on our simulation program. We would very much 
welcome partners who are interested in such a collaboration. 



9. SUMMARY 

Quality - making a part right the first time - is clearly the focus of industry today. 
Performance characterization of CNC machines is an important first step in that process. But 
the time and expense in generating that error data can be wasted if there are no tools available 
for a shop floor person to use that data to determine if his particular part will be made to his 
particular specifications on this particular CNC. The raw error data can be voluminous and 
confusing. The compression of this data into parameters for a kinematic error model is 
helpful to a researcher, but is hardly in an accessible format for a shop floor worker. What is 
needed by industry, as was stated at a recent NIST/NAMT Conference is a tool that will 
accept normal shop floor information (stock and tooling setup, part program, machine 
selected), have available a data base that contains the performance characteristics for a 
particular machine and a simple Yes/No answer to the question: Will this CNC machine this 
part program to this required tolerance? 

Currently, the only way to answer that question definitively is to cut the part on the 
machine and inspect the part. There is an important void that needs to be filled. A part 
programmer has a selection of commercial systems to prove out (verify) his part program on a 
perfect CNC. But the shop floor person has no such guide concerning errors introduced by 
the machine performance characteristics. 

MentorLink and its partner, N-See Software, stand uniquely positioned to respond to this 
market need. As stated earlier, the virtual CNC must be capable of very high precision, while 
maintaining the speed demanded by on-time shop floor delivery. The N-See 2000 solid model 
engine, now extended to include full 5 axis tool motion, is being customized to meet these 
very demanding requirements while delivering a shop floor hardened application. 
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Abstract: Milling simulations are used prior to actual machining to detect potential prob- 

lems of a tool path, for example excess milling of a workpiece. A simulation 
method based on the dexel representation of the workpiece is widely used. In 
this method, a milling process is geometrically evaluated by subtracting succes- 
sive tool swept volumes along the path from a collection of thin vertical dexel 
cubes representing the workpiece shape. Two technologies for accelerating the 
dexel based milling simulation are proposed. (1) Most computation time in 
the simulation is elapsed in detecting such dexels intersecting the tool swept 
volumes. Based on some geometric characteristics of the tool path for milling 
the metal product, we define a tight bounding box to each surface element of 
the volumes which efficiently limits the range of potential intersecting dexels. 
(2) A critical milling process must be checked repeatedly from various viewing 
directions. The simulation method is further improved by integrating a history 
mechanism which records the computation results obtained in the first simula- 
tion process. By using the record, the computation time of repeated simulations 
can be substantially reduced. 



1 Introduction 

Molds and dies with free-form sculptured surfaces are usually fabricated using 
numerically controlled (NC) 3-axis milling machines with spherical cutters. A 3-axis 
NC machine drives a cutter according to a prescribed tool path, which is a set of con- 
tinuous short linear trajectories. A tool path for milling a mold often contains more 
than hundred thousands trajectories. Most commercial CAM systems compute the 
tool path using the geometric model of designed surfaces in a fully or semi-automatic 
way. Numerical data describing the surface geometry are basically approximations 
and they often contain some inherent inconsistencies, for example small gaps between 
neighboring surfaces. Potential mistakes of inputting improper machining parame- 
ters to the systems are unavoidable. Therefore, generated tool paths could cause 
undesirable results of milling too deeply or leaving too much material. 

1.1 Prior studies 

In order to detect these problems, simulations and verifications of NC milling 
processes are needed prior to actual machining. A milling operation is geometrically 
equivalent to a series of Boolean subtractions of swept volumes of a cutter following 
a path from a solid model representing the stock shape. Based on this concept, many 
milling simulation systems have been developed. One of the major differences between 
them is the shape representation scheme of the tool swept volume and the workpiece. 

In the early study, CSC modelers are directly used to generate shaded images of 
NC milling processes [5]. Atherton et al. [1], Van Hook [6] and Wang et al [10] all 
use a projection of the workpiece shape in a fixed viewing direction and a variation of 
Z-buffer for visualizing the milling process. Different from the conventional Z-buffer 
which records only the Z height of the front visible surface for each ray through the 
pixels. Van Hook’s dexel structure records the Z heights of the front and back surfaces 





Figure 1: Illustration of the dexel based machining simulation of 3-axis 
milling. 



of the objects. In this representation, Boolean subtraction is reduced to simple one- 
dimensional Z height comparisons. 

Huang and Oliver [7] used a dexel representation derived from the dexel structure 
of Van Hook. A similar data structure is used by Saito and Takahashi [8] in their 
G-buffer method. A major distinction between their approach and the original dexel 
structure is that the ray direction for measuring the Z height is not limited to the 
viewing direction. In the 3-axis milling simulation, the spindle axis of the cutter 
is usually selected as the ray direction. This modification enables dynamic viewing 
transformations in the milling simulation. 

1.2 Research purpose 

Milling simulation method based on the view independent dexel representation is 
most commonly used in practice because of its computation speed. Figure 1 illustrates 
a simulation process using a workpiece model in the dexel representation. As shown 
in the figure, the workpiece shape is approximated as a collection of thin vertical 
dexel cubes. For each tool movement, intersections between the dexels and the tool 
swept volume are computed and removed from the workpiece model. The dexel 
representation is not suitable for the visualization because of its inevitable staircase 
errors on the workpiece surface. In order to realize a natural shaded display, small 
triangular patches are added to smoothly wrap the surface. 

The dexel based simulation is faster than the other methods, however it is still 
difficult to complete the whole simulation of a complicated milling process in an 
interactive time period. In order to further accelerate the simulation, the following 
two technologies are proposed in this paper. 

Improved bounding box: Most computation time in the simulation is elapsed in 
detecting such dexels intersecting the tool swept volumes. CAM systems usu- 
ally generate a tool path so that its component linear trajectories satisfy some 
machinability conditions of the metal product. Based on the conditions, our 
simulation method defines a tight bounding box to each surface element of the 
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tool swept volumes, which efficiently limits the range of potential intersecting 
dexels. 

History mechanism: In order to detect milling troubles such as gouges, critical 
milling processes must be checked repeatedly from various viewing directions. 
Our simulation method is improved by integrating a history mechanism which 
records the computation results obtained in the first simulation process. By 
using the record, the computation time of repeated simulations can be sub- 
stantially reduced. 

Based on these technologies, an experimental milling simulation system is imple- 
mented and demonstrated. 

The organization of the paper is as follows. Some details of the dexel based milling 
simulation are given in the second section. Definitions of the improved bounding box 
and the history mechanism are explained in the third and fourth sections respectively. 
Computation results of the experimental system are given in the fifth section. 



2 Dexel Based Milling Simulation 

Consider 3-axis NC milling with a spherical cutter of radius r. As the reference 
of the workpiece shape and the cutter position, the world coordinate frame is placed 
so that its z-axis becomes parallel to the spindle axis of the cutter (see figure 1). In 
the following discussion, we assume that the workpiece has monotone shape in the 
z-axis direction. In the other words, the intersection between an arbitrary line in 
the z-axis direction and the workpiece is either a line segment, a point, or empty. 
Stock objects for molds and dies usually have rectangular shape and they satisfy this 
condition. In our coordinate frame specification, milling operations using spherical 
cutters remove the workpiece material from the z-axis direction. The workpiece thus 
retains the characteristic of being z-monotone after any 3-axis milling operations are 
applied to it. 

2.1 Workpiece representation 

Dexels are computed based on a two-dimensional regular square grid in the xy- 
plane as shown in figure 1. The grid is aligned with respect to the x- and y-axis of 
the coordinate frame. It is positioned so that its boundary encloses the projection 
of the stock object to the xy-plane. For each grid point, a ray extending along the 
z-axis direction is considered. The intersection segment between the ray and the stock 
object is computed and it is replaced to a dexel cube of the same length. Since the 
stock object is z-monotone, at most one dexel is specified to each grid point. 

The accuracy of the simulation is determined by the grid size w. Smaller size 
enables more accurate simulations, but it requires an excessive amount of the storage. 
Therefore, the grid size is determined by a compromise between the accuracy and the 
practical requirement of the simulation. In the finish milling of molds and dies, a 
spherical cutter of radius 1.0mm is typically used. We thus select w = 0.2mm based 
on the work [4]. This grid resolution gives a good result in the simulation of milling 
rather flat surfaces, however it is not sufficiently fine for evaluating the machined 
surfaces which happen to be parallel to the rays [7]. 

A grid point with the minimum x and y coordinates is selected as the reference 
point. Each grid point is addressed by an integer pair (i, j) representing the number of 
grid intervals counting from the reference point (0, 0) in the x- and y-axis directions 
respectively. Coordinates of (z, j) grid point in the xy-plane become yij) = 

{xoo w X z, yoo + w X j) where (a:oo, yoo) means the coordinates of the reference 
point. A dexel corresponding to grid point (z, j) is referred to in the following 
discussion. 
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Figure 2: Series of swept volumes of a spherical cutter following a tool 
path and a unit volume corresponding to a single linear movement. 



2.2 Milling simulation using units 

A 3-axis milling process can be simulated by iteratively subtracting a tool swept 
volume corresponding to each linear trajectory of a tool path from the dexels. Since 
the workpiece shape is z-monotone, the subtraction is equivalent to an update of the 
top height of each dexel if the tool swept volume passes over it and the bottom surface 
of the volume cuts the dexel lower than the current height. 

The bottom of the swept volume is generated by the spherical portion of a cutting 
tool. We thus consider the dexel modification caused by a swept volume of a sphere 
whose radius is the same as that of the tool. Figure 2 illustrates volumes obtained by 
sweeping the sphere along a tool path. Since the tool path is a collection of continuous 
line segments, the swept volumes become a series of cylinders smoothly jointed with 
spheres of the same radius as shown in the figure. We number them according to 
their appearance order in the swept volumes. In the following discussion, Sk and Ck 
mean the /c-th sphere and A:-th cylinder in the whole tool swept volumes respectively. 
For each linear movement of the tool, we can consider a straight swept volume of a 
sphere called “unit”. The /c-th unit Uk has a Boolean union shape of two spheres Sk 
and (Sfc+i and a cylinder Ck (see figure 2). 

By using the terms defined above, we can describe a 3-axis milling simulation 
algorithm in a pseudo-code style as follows; 

Step 1 Generate a dexel model of the initial stock object. 

Step 2 Iterate the following operations for each unit Uk along a tool path. 

2.1 Iterate the following operations for each dexel d^j. 

2.1.1 Check intersections between dexel dij and a unit Uk- 

2.1.2 If they have an intersection, cut the intersection portion of dij by 
updating its height (see figure 3). 

2.3 Box check 

Detection of dexels intersecting each unit is the most critical step to realize the 
fast milling simulation. A unit has a cylindrical pin shape bounded by two half spheres 
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Figure 3: Cutting a dexel with a unit U]^. 




Figure 4: Simple bounding boxes a-nd Bek defined to a half sphere 
Sk and a cylindrical surface portion Ck of a unit Uk respectively. 



at its ends as shown in figure 3. Therefore, the detection task can be decomposed 
into two sub tasks, which are (1) detection of dexels intersecting the half sphere 
surfaces of a unit, and (2) detection of dexels intersecting the cylindrical surface 
portion of it. Dexels are generated based on a regular square grid in the xy-plane. 
This definition enables to design a smart detection algorithm which only checks such 
dexels whose corresponding grid points lie under the projections of the half spheres 
and the cylindrical surface portion to the xy-plane. 

Potential intersecting dexels are thus efficiently localized by using a two-dimensio- 
nal box bounding the projection of each surface element of a unit [4]. The following 
is a typical definition of bounding boxes; 

For half sphere: An axis-aligned square holding the projection of the complete 
sphere of radius r within. 

For cylinder: An axis-aligned rectangle holding the projection of the entire unit 
within. 
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In figure 4(a), some bounding boxes defined to surface elements of a unit lAh are 
illustrated. A square Bs^ represents the bounding box for a half sphere corresponding 
to Sk-> and a rectangle Bch represents the bounding box for a cylinder Ck given in 
figure 4(b). 



3 Improvements of Bounding Boxes 

The accurate and high quality surface generation is the most critical requirement 
in milling metal products especially molds and dies. In order to satisfy the require- 
ment, some machinability conditions of the metal are considered in the tool path 
generation. Based on the conditions, definitions of the bounding boxes are improved 
so that they can localize the potential intersecting dexels more tightly. 

3.1 Geometric characteristics of tool paths 

The following two conditions are usually considered in generating tool paths for 
milling metal products [3]; 

Smooth cutting load: Upward and downward motions of a cutter cause cutting 
depth fluctuations and load irregularity in milling, and they consequently hin- 
der the accurate surface generation. Therefore, the cutter should be controlled 
to move horizontally as much as possible. 

Smooth tool path: Sharp turning of a cutter in milling pushes the cutter off the 
course and it would leave tool marks on the machined surface. In order to avoid 
these errors, a tool path is generated so that successive component segments 
of the path are connected smoothly. 

Because of the smooth cutting load condition, popular zig-zag milling is suitable 
only for machining rather flat surface portions of molds and dies. The contour milling 
method generally gives better results in machining other wall shapes of form features. 
In these milling methods, a cutter traces a (near) horizontal tool path. Most units 
generated by a sphere moving along such a path are thus horizontally positioned like 
a unit of ^ 0 in figure 4(b). 

Bounding boxes given in the previous section are inappropriate for localizing the 
dexels intersecting such a horizontal unit. The projection of a half sphere portion of 
a horizontal unit to the xy-plane becomes a half moon shape. Dexels whose corre- 
sponding grid points are contained within this projection can intersect the half sphere 
surface. Since the square box enclosing the complete circle of radius r is nearly two 
times larger than the half moon shape, many non-intersecting dexels are selected as 
the potential intersecting ones. 

Simple bounding boxes for the cylindrical surface portion of horizontal units cause 
similar problems in the dexel localization. The projection of a horizontal cylinder has 
a rectangular shape. A bounding box defined based on the projection of the entire 
unit generally has much larger area than this shape. Relative area difference between 
the simple box and the projected cylinder becomes even larger for short units, which 
typically appear in the milling simulation of sculptured surfaces. 

3.2 Improved bounding boxes 

We solve these problems by properly modifying the bounding box definitions so 
that the box can hold the projection of each surface element of a unit more tightly. 
Some additional computations are needed for generating bounding boxes in the new 
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Figure 5: Definitions of boxes for the projection of a half sphere (a) and 
for the projection of a cylindrical surface portion of a unit (b). 



definitions, however total computation time of the milling simulation can be reduced 
consequently because they can save time-consuming dexel-unit intersection detections. 

Gray zone in figure 5(a) represents the projection of a half sphere portion of a 
unit. In order to efficiently localize the grid points being contained within this zone, 
the smallest rectangle which holds the projection within is defined. See rectangle 
Rsk in the same figure. An axis-aligned box which tightly encloses the rectangle 
defined above is then derived. in figure 5(a) corresponds to this box. Boolean 
intersection of the axis-aligned box and our prior bounding box with square 
shape {Bsk in figure 4(a)) is used as the new two-dimensional bounding box of the 
half sphere portion. Rectangle Rsk can be computed easily if distance d in the figure 
is known. This distance is derived as d = rh/l where I and h mean the distance 
between the center points of two end half spheres of the unit and their distance in 
the vertical direction, respectively (see figure 4(b)). 

By using a similar method, two-dimensional bounding box for the cylindrical sur- 
face portion of a unit is improved. Gray zone in figure 5(b) represents the projection 
of the cylindrical surface portion. The smallest rectangle which holds the projection 
within is defined at first. Rck in figure 5(b) represents this rectangle. An axis-aligned 
box which tightly encloses the rectangle defined above is then derived. See box B'ck 
in the same figure. Boolean intersection of the axis-aligned box B^k and our prior 
bounding box enclosing the projection of the entire unit {Bek in figure 4(a)) is used 
as the new bounding box of the cylindrical surface portion. 

3.3 Milling simulation using chains 

In sculptured surface milling, a cutter iterates very short linear motions. Since 
each motion of the cutter removes very small amount of the workpiece material, 
execution of the dexel modification for every single cutter movement is not necessary. 
Therefore, we modify the milling simulation algorithm so that the dexel modification 
is executed for every 10 ~ 50 tool movements. A swept volume of a sphere moving 
along a series of tool trajectories is called “chain” in the following discussion. A 
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Figure 6: A bounding box defined to a spherical surface portion shared 
by two successive units and 



chain has a Boolean union shape of a collection of units corresponding to the tool 
trajectories. New simulation algorithm is basically the same as the algorithm given 
in the previous section, but a chain of 10 ~ 50 successive units is subtracted from the 
dexels in each dexel modification step. 

3.4 Bounding box for a shared sphere 

Milling simulations using chains can be performed more efficiently than simula- 
tions using units, because further localization of the dexels intersecting each surface 
element of a chain is possible. Let us explain this improvement using a simple chain 
with only two successive units Uk and Uk-[-i given in figure 6. Figure 6(a) illustrates 
a projection of the chain to the xy-plane, and (b) illustrates another projection of 
the same chain to the xz-plane. This chain has five surface elements, which are three 
spherical surfaces corresponding to Sk^ Sk+i^ and Sk +2 and two cylindrical surfaces 
Ck and Ck-^-i- 

As shown in figure 6, spherical surface portion appearing between two successive 
cylinders Ck and Ck+i has very small area, therefore its intersecting dexels are very 
limited. We can properly localize these dexels by using a two-dimensional bounding 
box defined in the following manner. This spherical portion can be considered as a 
part of the half sphere of unit Uk- It can be considered as a part of the half sphere 
of the next unit Uk-\-i also. Therefore, grid points of dexels intersecting this shared 
spherical surface must be contained within a box Bek defined for the half sphere of Uk 
and another box Bsk+i defined for the half sphere of Uk-\-i- The intersection of these 
two boxes (gray zone in figure 6(a)) is thus used as the two-dimensional bounding 
box for the shared spherical surface. 

Because of the smooth cutting load condition, most component units of a chain 
are horizontally positioned like units of Pr: 0 and ^2 0 in figure 6(b). Because 

of the smooth tool path condition, the angle between two successive units (angle 5 
in the figure) becomes small also. In these geometric conditions, the bounding box 
for the shared spherical surface becomes very small and it can localize the potential 
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intersecting dexels very tightly. 



4 History Mechanism 

Molds and dies often contain many complicated concave features. Milling of 
these features is prone to gouging troubles, therefore such milling process must be 
checked repeatedly from different viewing directions. In order to realize the efficient 
multiple check of the same milling operation, simulation systems must provide “back” 
function and “redo” function of the simulation process. The back function recovers 
the workpiece shape in a certain prior state, and the redo function repeats the same 
milling simulation from the recovered state. 

Milling simulation algorithms given in the previous sections modify the workpiece 
model in a destructive manner, therefore re-execution of the whole simulation process 
from the initial stock shape is necessary to recover a workpiece state. It needs the 
computation time proportional to the number of total tool movements in the worst 
case. In order to realize the fast recovery of any prior workpiece states, a history 
mechanism is integrated in our simulation system. This mechanism records the mod- 
ification history of the workpiece model during the first simulation process. By using 
the history data, any workpiece state in the milling process can be recovered with 
some limited computations. 

4.1 History recording method 

In the following discussion, milling simulations using chains are assumed. A 
workpiece modification caused by tool movements corresponding to a single chain is 
usually localized and limited number of dexels are modified in each simulation step. 
Therefore, the average number of modifications of each dexel occurred in the whole 
simulation process becomes small compare to the total number of the simulation steps. 
Based on this consideration, our mechanism maintains the workpiece modification 
history by recording the shape (= top height) change history of each dexel. 

For each dexel dij , a stack Sij for recording its history is prepared. The milling 
simulation algorithm is modified as follows so that the history stack of each dexel is 
updated when the top height of the dexel is changed. 

Step 1 Generate a dexel model of the initial stock object. 

Step 2 Initialize the history stacks of all dexels. 

Step 3 Iterate the following operations for each chain CTik along a tool path. 

3.1 Select potential intersecting dexels using bounding boxes defined to sur- 

face elements of CTik • 

3.2 Iterate the following operations for each selected dexel dij. 

3.2.1 Check intersections between dexel dij and a chain CHk- 

3.2.2 If they have an intersection, cut the intersection portion of dij by 
updating its height. A pair of the updated height of dij and index 
k of chain C%k is then pushed to the history stack Sij. 

Consider a case that the height of a dexel dij is modified to Zko by a chain CHko^ 
The height is further modified to Zki and Zk 2 by chains Cl~Lki and Cl-ik 2 successively. 
After the simulation, a history information (/c2, Zk 2 ) (A^l, Zki) (A;0, Zko) is 
stored in the history stack Sij of dexel . 
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4.2 Workpiece recovering method 



Let us explain the history based back function by using a case of recovering 
the workpiece shape just after the dexel modification caused by a chain Cl-Lk’ This 
recovery is achieved by checking the history stack of each dexel of the workpiece 
model in a downward manner from the top item of the stack. For each item in the 
stack, stored index value and index k of chain CUk are compared. This comparison is 
iterated until an item whose index value is less than or equal to k is found, which must 
be the item in association with the largest index satisfying the inequality condition 
in the stack. Top height of the dexel is updated to the height value stored in the 
detected item. In our history stack example (A;2, Zk 2 ) -> (^1, Zki) — > (A^O, Zko)^ the 
height of the dexel dij is updated to Zki if k satisfies inequalities A;2 > A; > A;1 > A:0. 

5 Computational Experiments 

An experimental milling simulation system with proposed technologies is imple- 
mented using C language, and some computational experiments are performed. All 
NC codes and workpiece data used in the experiments are real data generated for 
rough milling, semi-finish milling, and finish milling of some mold parts. Dexel mod- 
els of stock objects are generated based on a regular square grid of interval 0.2mm. 
Each dexel modification in the simulation is executed using a chain with 40 successive 
units. All experiments are performed using SGI Onyx2 workstation (CPU: RIOOOO 
195MHz, Memory 512MB). 



Table 1: Computation results. 



Number of 
linear 

trajectories 


Tool 

radius 

(mm) 


Simple 

box 

(sec.) 


New 

box 

(sec.) 


With 

record 

(sec.) 


Average 

stack 

depth 


9,542 


5.0 


11.69 


5.32 


8.34 


5.05 


35,391 


3.0 


13.86 


5.20 


9.65 


5.78 


126,719 


1.0 


4.08 


2.48 


6.95 


1.07 


156,799 


1.0 


6.15 


3.77 


10.61 


2.59 



Some results of the experiments are described in table 1. The first column gives 
the number of linear trajectories in the path, and the second column gives the radius 
of the spherical cutter used in the simulation. The elapsed simulation time using 
the simple box check is given in the third column. It can be reduced to the time 
given in the fourth column by using our improved box check. In these computations, 
the history of the workpiece modification is not recorded. As shown in the table, 
the improved box check accelerates the simulation program two times faster than the 
program using the simple box check. A complex milling simulation with 150,000 tool 
movements can be executed in less than 5 seconds. Figure 7 illustrates a tessellated 
workpiece model after applying a milling simulation corresponding to the fourth row 
of table 1. 

In the fifth column of table 1, the elapsed time for recording the history of the 
workpiece modification is given. The average depth of the history stacks is described 
in the sixth column. These results show that small additional time is enough for 
recording the whole history of the milling process. Required storage for the history is 
several times more than the storage needed in the usual simulation. Once the history 
is recorded, any workpiece shape in the milling process can be recovered instantly. 
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Figure 7: Simulation result of milling a mold part and its close-up pic- 
ture. 

6 Conclusions 

Two technologies for accelerating the dexel based milling simulation are proposed, 
which are; 

• Improved bounding boxes based on the geometric characteristics of the tool 
path for milling the metal product. 

• Stack based history mechanism for reducing the computation time of repeated 
simulations of the same milling process. 
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Based on the technologies, an experimental milling simulation system is implemented 
and demonstrated. 

The following enhancements of the algorithm are considered as our future research 
subjects. 

• Tessellation algorithms of a solid object in a discrete representation are well 
studied in the computer graphics field, but most of them are not suitable for 
visualizing the milling result. Fast algorithms for naturally tessellating the 
dexel model are needed. 

• Geometric simulation is not sufficient for validating the tool path data. Other 
physical properties such as cutting load and tool deformations must be checked 
in advance to realize high speed and accurate milling. Development of fast 
and reliable algorithms for analyzing these physical properties is our research 
subject also [9]. 
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Abstract: Ball-nose end milling operations are extensively used for 3 -axis machining of sculptured 

surfaces. The process variables, such as chip thickness distribution and cutting speed 
distribution, can be simulated by means of discrete representation of the workpiece surface 
and the cutting tool. In the current approach, the workpiece surface is represented with a Z- 
map. The cutting edge of the tool is represented by a set of nodes. The purpose of this work 
was to develop a methodology for selecting the geometric resolution parameters required by 
the workpiece and the cutting tool. The selection criteria include: a) a prescribed amount of 
error in the prediction of the chip thickness and cutting speed and b) minimization of 
computation time. The current methodology is demonstrated for a finish milling operation 
with a ball-nose end mill. 



1. INTRODUCTION 

Ball-nose end mills are used for the generation of sculptured surfaces, such as those 
found in dies and molds. The analysis and optimization of NC programs for ball-nose end 
milling can be approached with continuous or discrete geometric representation of the 
workpiece geometry. 

Several research groups have developed systems for the simulation of ball-nose end 
milling based on a continuous geometric representation: [Eversheim; 1990] [Lim; 1997a] 
[Lim; 1997b] [Park; 1993] [Yang; 1993]. These systems allow fast computation time. 
However, the geometric history of the workpiece can not be handled properly, especially 
when the production of sculptured surfaces requires roughing and semi-fmishing operations 
with flat end mill or bull-nose end mill. 

Those systems that use a discrete geometric representation of the workpiece include: 
[Fussell; 1992] [Jerard; 1990] [Jerard; 1989] [Mizugaki; 1994] [Yamazaki; 1995] [Yamazaki; 
1991]. The system for the simulation of ball-nose end milling described in this study is also 
based on a discrete geometric representation: [Bergs; 1996] [Rodriguez; 1997]. 

In general, the discrete geometric representation of the workpiece implies a trade-off 
between prediction accuracy and computation time for different levels of geometric resolution 
[Drysdale; 1991]. The purpose of this work was to develop a methodology for selecting the 
geometric resolution parameters required by the workpiece and the cutting tool. The 
objective is to maintain a prescribed amount of error in the prediction of the chip thickness 
and cutting speed, while minimizing of computation time, for a given NC program. 



2. CHIP GEOMETRY 

Figure 1 shows a ball-nose end milling operation on a flat surface and the corresponding 
nomenclature (NOTE: for simplicity, the term chip geometry throughout this work refers to 
the undeformed condition). In the case of the ball-nose end mill, the chip thickness vector is 





Normal Depth 




When a ball-nose end mill is used on sculptured surfaces with a 3 -axis machining center, 
the tool engages the workpiece at different angles relative to the surface normal. The relative 
angle between the tool axis and the surface normal can be defined in terms of two 
components: lead angle (Pf) and tilt angle (pfN). These angles are measured in the feed 
direction and perpendicular to the feed direction, respectively. 

In order to have a meaningful analysis of the milling processes in sculptured surface 
production, it is necessary to keep track of the geometric history of the workpiece. Therefore, 
for every tool motion, the workpiece geometry needs to be updated. For that purpose, a mesh 
of points, stored as a 2D array of Z coordinates or Z-map, represents the workpiece geometry 
(see Figure 2). For each tool interpolation the swept volume generated by the tool is used to 
find those workpiece points that need to be updated. 

The cutting edge geometry is represented by a set of nodes along the cutting edge (see 
Figure 2). The engaged cutting edge nodes (i.e., cutting edge nodes that penetrate the 
workpiece material) are found by comparing the height of the cutting edge node (z 
coordinate) to the height of the neighboring mesh points that represent the workpiece. Once 
an engaged cutting edge node is found, an analytical expression (as shown in Figure 1) is used 
to compute the chip thickness at that particular angular position. If the node is not engaged, 
chip thickness is set to zero [Rdders; 1989] [Rodriguez; 1997] [Koch; 1990]. 

The chip thickness profile is determined by computing the instantaneous chip thickness of 
all the nodes along the cutting edge, for all tool rotation positions (as shown in Figure 2). The 
maximum values for chip thickness and cutting speed are computed based on the chip 
thickness profile: 

• Maximum Chip Thickness This is the largest value of chip thickness in the 

complete profile. 

• Maximum Cutting Speed Based on the chip thickness profile, the highest 

engaged node (with respect to the tool tip) can be determined for all rotation 
positions. The highest engaged node is then used to compute the maximum effective 
diameter (D^fj^) and associated maximum cutting speed (Vj.^^J. 
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Figure 2. Chip thickness profile with ball-nose end mill 
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3. PREDICTION ERROR AND COMPUTATION TIME 

The discrete geometry of the workpiece and the cutting edge are controlled with the 
following parameters: 

• Workpiece resolution is defined as the distance between the points of the Z-map 
that represents the workpiece surface (Ax=Ay). 

• Cutting edge resolution is defined as the increment in rotation angle and cutting 
edge angle (A(()=Ak). 

Because of the discrete nature of the workpiece and the cutting edge geometry, the 
prediction of maximum chip thickness and maximum cutting speed contains 

some error. In this work, the prediction error is defined as the deviation of the 

predicted value for maximum chip thickness with respect to the actual value. 

3.1 Prediction Error 

In order to study the influence of geometric resolution parameters (cutting edge and 
workpiece) on the accuracy of chip thickness prediction, it is necessary to analyze a large 
number of NC programs. The algorithms for computation of chip thickness profile (as shown 
in Figure 2) were implemented in MATLAB programs, in order to avoid the direct use of NC 
programs. This approach allowed more flexibility and comprehensiveness to the study of 
chip thickness prediction error. 

The predictions for maximum chip thickness and maximum cutting speeds were 
conducted for cases with different combinations of process parameters (i.e., tool diameter, 
depth of cut, etc.), cutting tool resolution (A(|)=Ak), and workpiece resolution (Ax=Ay), as 
shown by this table: 



Variable Factors 


Constant Factors 


Ball-nose end mill dia. (D): 


25.4 and 50.8 mm 


Workpiece geometry 


Flat 


Depth of cut (a„): 


0.25 and 0.5 mm 


Feed per tooth (f^) 


0.5 mm 


Stepover distance (aj: 


0.50 and 1.0 mm 


Lead angle ((3^) 


0 deg 


Workpiece resolution (Ax=Ay): 


0.1, 0.5 and 1.0 mm 


Tilt angle (P^) 


0 deg 


Tool resolution (A(|)=Ak): 


0.5, 1.0 and 2.0 deg. 







For a given analysis point along the tool path, the relative position and orientation of the 
workpiece mesh influence the prediction of chip thickness profile. This results in a 
distribution of prediction error, for a given analysis point along the tool path. Therefore, for 
each set of process and geometric resolution parameters there is a maximum prediction error 
(Xh.ax)- 

A linear regression was conducted to derive an expression that relates the maximum 
prediction error (X^^^^) to the process parameters and resolution parameters (see Equation 1). 
The location of the maximum chip thickness vector (determined by and represents 
the combination of large number of process variables: tool diameter (D), depth of cut (a^), 
stepover distance (aj and feed per tooth (fj. 

=-10-4-0.421/) + 0.193^^,,,, -0.610^,,,, +16.0At + 1.51A^2J (1) 

where, Ax=Ay, A(|)=Ak and =90.5% 

The maximum prediction error of maximum cutting speed was smaller (in most of the 
cases) than the one for maximum chip thickness. Therefore, Equation 1 can be assumed to be 
appropriate to estimate the maximum prediction error for both process variables and 

hmax)- 
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Figure 3 shows a 3D plot of Equation 1, for a given set of process conditions. The 
intersecting planes with a fixed level of maximum prediction error show that the same 

amount of maximum prediction error can be obtained with different combinations of 
workpiece and cutting edge resolution. 
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Ball-nose End Mill 


D 


25.40 mm 


Milling 
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= 
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^hmax 
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P. = 
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PfN ~ 
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Figure 3. Influence of workpiece resolution (Ax=Ay) and cutting edge resolution (A(1 )=Ak) on 
the max. prediction error of max. chip thickness 



3.2 Computation Time 

The existing algorithms for computation of the chip thickness and cutting speed profiles 
and for updating of the workpiece geometry were analyzed to determine the influence of the 
resolution parameters on the computation time. By inspection of these algorithms, it was 
determined that the computation time for analysis of a given NC program can be estimated 
with an expression of the following form; 






where, Ax = Ay' and A^ = Ak 



( 2 ) 



The coefficient slq is related to computational overhead. The coefficient aj is related to 
the number of points in the workpiece mesh that need to be updated. Finally, the coefficient 
^2 is related to the number of nodes defined along the cutting edge. All three coefficients 
depend also on the inherent speed of a particular CPU. 

Different values of computation time (t^^) ^^e recorded by analyzing a given NC program 
with the algorithms described in Section 2, for different combinations of workpiece resolution 
(Ax=Ay) and cutting edge resolution (A(1 )=Ak). The coefficients in Equation 2 are then 
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determined through a linear regression that relates the influence of Ax and A(j) on the 
computation time (t^J. 



4. SELECTION OF RESOLUTION PARAMETERS 



4.1 Procedure 



Using the expressions for estimating the maximum prediction error and the 

expected computation time it is possible to select the appropriate workpiece mesh 
resolution (Ax=Ay) and cutting tool resolution (A(j)=AK) to obtain a prescribed level of 
maximum prediction error, while minimizing the computation time. 

Aji expression for the maximum prediction error produced for the maximum chip 
thickness (X^max) determined through direct testing of the algorithms for computation of 
chip thickness profile (see Equation 1). For a given tool diameter and chip geometry (i.e., 
location of the maximum chip thickness vector), the expression shown in Equation 1 can be 
written in the following form; 

^Amax =^0 + (3) 

where. Ax - Ay and A(/) = Ak 



Specific values of tool diameter (D) and maximum chip thickness vector ((tihmax ^hmax) 
need to be selected, in order to reduce Equation 1 to Equation 3, where X^m^x is only a 
function of Ax and A(|). 

According to Equation 3, the same amount of maximum prediction error can be 

achieved with different combinations of workpiece resolution (Ax=Ay) and cutting tool 
resolution (A(|)=Ak). Such combinations can be represented with the following linear 
equation: 



_Lf _a_a 

7 ^ h max 7 7 

/?2 b 



where. Ax = Ay and A(j) = Ak 



(4) 



By combining Equations 2 and 4, the following expression is obtained: 



trm, =af)+a^^x ^ + a. 



— IX 



hmax 



"IJ 



Ax 



(5) 



where. Ax = Ay and A^ = Ak 



Then, the expression for workpiece resolution (Ax=Ay) that minimizes computation time 
(trun) is obtained with the following partial derivative: 



— — = -2a. Ax ^ + 2a. 
dAx ' 



A 

b. 




where. Ax = Ay and A^ = Ak 
The final expression is the following: 
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( 6 ) 



( 7 ) 
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where, = Ay@ 

^run-min 



The corresponding cutting edge resolution for the minimum computation time (A(|) @ 
and Ak @ is obtained by combining Equations 7 and 4. 



4.2 Application Example 



In order to demonstrate the procedure described in the previous section, the coefficients 
of Equation 2 were obtained based on the computation times required for chip geometry 
analysis in a simple NC program. This NC program contains 10 passes, with the parameters 
shown in Figure 4. 

The computation times for different combinations of workpiece and cutting tool 
resolution were collected. Then, a regression analysis was used to find the coefficients 
required in Equation 2 (plotted in Figure 4). 

The results of the procedure described in Section 4. 1 are shown in 
Figure 5, which shows the effect of workpiece mesh resolution on computation time for 
different levels of maximum prediction error. In Figure 5 - A, for a given level of maximum 
prediction error (X^^ax) of the computation time is minimized at a workpiece resolution 
(Ax=Ay) of 0.4 mm. The curve that joins all the minimum computation times (for different 
levels of maximum prediction error) is also indicated (trun-min)- Figure 5 - B shows the 
combination of workpiece (Ax=Ay) and cutting tool resolution (A(()=Ak) that minimizes 
computation time (t^un). 




Workpiece 
Flat Surface 
Tool 

Ball-nose End Mill 
D = 25.40 mm 

Milling 
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= 0.5 mm 
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a^ = 0.5 mm 
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<t>hmax =156.6 deg 
Khmax = 15.1 deg 
p, = 0.0 deg 

p,^ = 0.0 deg 



Figure 4. Influence of workpiece resolution (Ax=Ay) and cutting edge resolution (A(|)=Ak) on 

the computation time (t^„) 

In summary, for a maximum prediction error of 10%, computation time in 

minimized with the following resolution parameters (with a given NC program): 

• Workpiece resolution: Ax=Ay=0.4 mm. 

• Cutting edge resolution: A(1)=Ak= 2.5 deg. 
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5 , 



DISCUSSION 



This work has shown a viable approach for the selection of geometric resolution 
parameters in the simulation of ball-nose end milling operations with discrete representation 
of workpiece and cutting edge geometry. In order to achieve a prescribed level of prediction 
error, while minimizing computation time, it is necessary to have mathematical expressions 
for the influence of geometric resolution parameters on a) the prediction error and b) the 
computation time. 
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Figure 5. Influence of workpiece resolution (Ax=Ay) and cutting edge resolution (A(1 )=Ak) on 
the computation time (t^^) for different levels of maximum prediction error 

The expression for prediction error was generated by extensive testing of the algorithms 
for computation of the chip thickness profile. In order to determine the maximum prediction 
error, especial consideration was given to the relative position and orientation of the 
workpiece mesh with respect to the analysis point along the tool path. 

The expression for maximum prediction error shown in Equation I is valid for a wide 
range of process parameters in finish milling operations with ball-nose end mill. Currently, 
this expression is valuable in selecting geometric resolution parameters for milling operations 
of flat surfaces, with the tool axis parallel to the surface normal. Therefore, this expression 
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needs to be extended to consider different combinations of tilt and lead angle, as encountered 
in 3 -axis milling of sculptured surfaces. 

Direct testing of a sample NC program and measurement of the computation time 
generated the expression for computation time. In the example shown, Equation 2 provided 
an excellent correlation between the geometric resolution parameters and the computation 
time. This indicates that the form of this equation is correct. For future work, it should be 
possible to have approximate expressions to determine the coefficients in Equation 2 by 
estimating the number of workpiece points that need update and the number of cutting edge 
nodes required for the cutting tool. 
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Abstract: Rough machining removes the excess part material and dominates the machining time of a 

sculptured part. Maximization of the material removal rate using optimized cutting 
parameters for rough machining can considerably improve productivity. This work focuses 
on the identification, improvement and testing of a machining process model that is 
generally applicable to various cutting geometry, as well as model parameters that cover a 
broad range of cutting conditions. A method for acquiring machining parameters of various 
2 V 2 D milling operations for a generic cutting force model is proposed. The improved 
cutting force model requires few cutting tests, provides fast and accurate predictions, and 
supports future upgrading. Testing has shown a good agreement between predicted and 
measured cutting forces. A considerable saving of machining time can be achieved. 

1. BACKGROUND AND MOTIVATION 

In recent years, applications of sculptured parts increased significantly due to their unique 
functional and aesthetic properties, as well as the advances of new thermosetting materials and 
wide use of plastic materials. Machining of sculptured parts is usually completed in two 
stages: rough machining and finish machining. Depending on the shape of the stock and part, 
sometimes as much as 80 percent of the machining time is allocated to the roughing operation. 
A reduction of the machining time at this stage would considerably reduce machining time and 
consequently lower the costs of production. This objective can be accomplished by the 
maximization of the Material Removal Rate (MRR) and appropriate selection of cutters and 
cutting parameters. 

At present most tool path planning and programming programs for sculptured part 
machining focus on the accurate production of the curved surfaces. Modest attention is given 
to the optimization of the machining parameters to achieve the maximum productivity. This is 
partially due to the complex nature of the sculptured part tool path planning and programming 
task. Different from the cases of simple rotational and prismatic parts, rough machining of 
sculptured parts has to deal with constantly changing cutting volume due to the varying 
difference between a stock of regular shape and a part with sculptured surfaces. It is very often 
that conservative machining parameters are used through out the rough machining process to 
avoid a sudden deep cut due to the curvature change of the part to avoid any damage to the 
cutter, the machine and the part. This approach considerably slows down the machining and 
lowers productivity. In principle, this problem can be solved using the adaptive machining 




scheme that senses the cutting force at each instance and adjusts the machining parameters 
(especially the feed rate) on line. However, the approach is seldom used due to the constant 
delay between a change of cutting force and the response of the control system, as well as the 
limited reliability of a complex sensing, data acquisition and control system. 

To overcome this difficulty, a computer model based, sculpture part machining planning 
and programming method was introduced [3,5,6]. The method is based upon computer 
modeling of a sculptured part, the stock, and the machining process, as well as the 
optimization of machining productivity using an intelligent system and numerical optimization. 
The approach calculates the instantaneous cutting volume during sculptured part rough 
machining based upon the computer models of the part and the stock, given different tool path 
and machining parameters. Using an empirical data based machining process model, the 
method accurately predicts the cutting forces based upon the calculated instantaneous cutting 
volume. Incorporating various machining constraints, such as tool breakage and chatter, the 
maximum instantaneous cutting volume is maintained through out the machining process with 
the optimal machining parameters. The considered machining parameters include the tool path 
pattern, depth of cut, cross cutting depth, and feed rate [3-6]. The approach can significantly 
improve the productivity of sculptured part machining, ranging from 15-45 percent. 

To effectively incorporate manufacturing knowledge into the machining parameter 
planning stage, a generally applicable and accurate machining process model that associates 
the instantaneous cutting volume with the cutting force becomes essential. However, most of 
the existing machining process models were introduced to model a specific machining 
operation and tested using a few cutting parameters with limited general applicability. A 
machining process model that is generally applicable to various cutting geometry, as well as 
model parameters that cover a broad range of materials and cutting conditions needs to be 
identified and tested. The work reported in this paper focused on these issues. 

Based on the specific requirements of intelligent rough machining and the published 
mechanistic force models, a method for acquiring machining parameters of various 2 V 2 D 
milling operations for a generic cutting force model is introduced. A combination of 
dependency testing and surface generation procedures are employed to generate the model. 
The improved model and obtained parameters are used to plan the feed rates required to 
maintain a productive feed rate and to reduce the total machining time. The improved cutting 
force model is easy to customize, requires few cutting tests to develop, is fast and produces 
accurate predictions, as well as contains provisions for future upgrading. Testing has shown a 
good agreement between predictions and actual cutting data. A considerable saving of 
machining time is achieved. 

2, ACQUISITION OF MACHINING DATA 

2.1 Cutting Force Measurement System 

In order to measure the tangential and radial cutting forces in end milling, a dynamometer 
was built [6]. The unit consists of a tubular section onto which semiconductor strain gauges 
are bonded, as shown in Figure 1. Electrical signals produced by the strain gauges are 
collected and transmitted through slip rings and brushes to a data acquisition system, as shown 
in Figure 2. This tubular section is installed into a rotary tool holder adapter that is inserted in 
the milling machine's spindle. At the other end a tool adapter provides the connection between 
the milling cutter and the dynamometer. The dynamometer is reliable for measuring tangential 
and radial cutting forces in end milling, although it is more flexible and prone to chatter at 
large depths of cut, compared to a commercial table-mounted dynamometer. The cutting force 
data are acquired using a LabVIEW Lab-NB Multifunction 12-bit A/D board and processed 
using virtual instrument application programs, running under LabVIEW on a PC. 
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2.2 Calibration of the Dynamometer 

Both static and dynamic calibrations of the discussed dynamometer were performed. The 
static calibration was performed on a Materials Testing System (MTS) machine. In order to 
reproduce the actual load conditions of a cutting process, a jig was built. This jig provided 
adequate fixation and support for the dynamometer. The strain gauges that measure the cutting 
force components were alternatively subjected to loads that varied from 0 to 600 lbs. in 50 lbs. 
increments. A multimeter was used for voltage readings. 





Figure 1 .Schematic diagram Figure 2 .Schematic of the data 

of the dynamometer acquisition system 

The calibration assessed against a known commercial dynamometer from Prof Y. 
Altintas at the University of British Columbia (UBC). The newly built dynamometer from 
UVic was installed on the spindle of a milling machine, while the commercial unit was fixed 
on the machine’s table. Adjustment of the dynamometer for aligning each pair of strain gauges 
to the compression loads created by the relative movement of the two dynamometers was 
carried out. 

In the dynamic calibration, a constant load was applied to the rotating dynamometer 
through a ball bearing, which eliminated the friction between the reference load cell and the 
dynamometer. The load was increased in increments of 25 lbs, from 50 to 300 lbs. The 
LabVIEW data acquisition and processing system was used to acquire the output of the strain 
gauges. Since the magnitudes of the output signals from the two pairs of strain gauges are 
different, two sensitivity factors have to be calculated. A line was fitted through the data 
points that were obtained by plotting load vs. output voltage, thus producing a mathematical 
correlation between load and strain gauges' output. Using the sensitivity calibration constant, 
the output voltages obtained during the tests were transformed into forces. The result of this 
conversion is illustrated in Figure 3. 
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3. MACHINING PARAMETER SELECTION 

3.1 Previous Approach and Improvements 

In present practice, machining parameters are determined as follows. First, the spindle 
speed is selected based upon recommendations of machining handbooks. The axial depth and 
radial width of cut are determined based upon part geometry and cutter diameter. At last, feed 
rates are determined by various constraints imposed on the machining process, such as tooth 
breakage, chatter and dimensional surface error. The maximum feed rate that will probably 
satisfy all of these constraints will be used in the machining. However, in sculptured part 
machining, this estimation can only be made based upon the worst case scenario, which results 
in a constant, very conservative feed rate throughout the entire machining process. 
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Figure 3. Output comparison after the dynamic re-calibration 



A method for planning more efficient machining parameters was introduced by Altintas 
and Spence [1]. The method applies a solid modeler based process simulation scheme, which 
takes part and stock geometry and predicts the milling forces of the cutting process. The 
mechanistic model developed by Tlusty and MacNeil was used. 

Ft = Kfb'S, •sin(^zJ) (l) 

Fr = Kr- Ft ( 2 ) 

F = ^J(Ft^+FF) ( 3 ) 

where. Ft is the tangential component of the cutting force for one tooth, Ay , is a constant 
called specific cutting pressure, b is the width of cut (measured parallel to the axis of the 
cutter), is the feed rate per tooth, (j) is the immersion angle, Fr is the radial component 
of the cutting force, Kr is the tangential/radial force ratio, and F is the resultant cutting force. 
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Their approach produces simulation results with a good agreement with the measured 
milling forces. However, a number of improvements need to be made in order to incorporate 
this approach into the Intelligent Rough Machining of Sculptured Parts. 

First, the Constructive Solid Geometry (CSG) based graphical simulation system that 
Altintas and Spence used has limited capability in modeling complex sculptured parts and 
requires extensive computation to calculate the instant cutting volume. For this reason a 
meshed surface representation, supporting a higher degree of part complexity, and a dedicated 
intersection calculation algorithm were developed. Then, the determination of the 
instantaneous and average forces requires extensive calculations. In this work, feed rate is 
directly calculated from the model without the need to determine the instantaneous cutting 
forces, so the computational effort is reduced. Finally, in their approach Altintas and Spence, 
calculate the values of the cutting coefficients, and based on four constants, M^, Pf 
and P^, that need to be determined through cutting tests. 

K,=M,- h~^‘ ( 4 ) 

( 5 ) 

where, h is the average chip thickness. No explicit correlation between these constants and 
the cutting data is produced during the cutting tests. It means that every time a new cutter, part 
material, or cutting condition is introduced, a new set of tests has to be carried out. In this 
work a systematic examination of the model under different cutting conditions is carried out 
and the test results are built into a comprehensive machining database. Ideally, the database 
will contain as many combinations of cutting conditions as feasible. A good approach from an 
industrial perspective would be to narrow down the variation of cutting conditions to those 
that are used in 80 to 90% of cases in a machine shop. Specifically, this research intends to 

• create a database of cutting force coefficients, and under a variety of cutting 
conditions. and values, under different cutting conditions based upon experiment 
data. 

• offer a better solution for the feed rate scheduling. The Intelligent Rough Machining 
scheme requires that the immersion intervals and cutting force to be calculated quickly. 

• increase the accuracy of the milling process simulator. 

• implement the adapted machine process model into the Intelligent Rough Machining 
planning and programming. 

3.2 Cutting Experiments and Obtained Model Parameters 

A broad range of cutting tests was carried out in this work to cover various cutting 
conditions and to identify the valid ranges of machining parameters. The parameters examined 
in the tests are feed rate, cutting speed, depth of cut, entry angle, exit angle and type of milling 
cutter. The initial ranges for the cutting speed, depth of cut, and feed rate were selected based 
on machining standards to identify the cutting parameters that produced the least chatter. The 
tested ranges were: 

• cutting speed: 30 to 60 m/min 

• feed rate: 0. 19 to 0.64 mm/tooth/rev 

• depth of cut: 0.5 to 7 mm 

• entry angle: 0 to 90 degrees, and 

• exit angle: 120, 160 and 180 degrees 

To study the behavior of K^, and their value change according to a wide range of feed 
rate, s^, the axial depth of cut, d, cutting speed, and entry angle were studied. 
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4. THE MODIFIED MACHINING PROCESS MODEL FOR 
THE SCULPTURED PART INTELLIGENT ROUGH 
MACHINING 

Variation trends for the specific cutting pressure tangential/radial force ratio and 
cutting force F can be extracted from force measurements. By using Equations 6 and 7, it was 
possible to calculate and from cutting data obtained from parameter varying cutting tests, 
where, Ff is the tangential component of the cutting force (measured), F^ represents the radial 
component of the cutting force (measured), and are the cutting force coefficients 






F, 



• sin(^) 



F, 



( 6 ) 



( 7 ) 



(calculated), d is the axial depth of cut (varied according to the test plan), is the feed rate 
(varied but not simultaneously with d), and cp is the immersion angle. and have a flat 
response with the variation of the immersion angle, cp, in the range 45 to 135 degrees. The 
average value of the cutting coefficients has been defined over this flat response interval. In 
this work, K^, F^, and F^ represent the averaged values. 

The analysis of cutting tests showed that the magnitude of the specific cutting pressure is 
inversely proportional to the feed rate. Tests conducted with different end mills have led to the 
same conclusion. Also, the tangential/radial force ratio shows a decrease with the increase in 
feed rate. Other cutting parameters, such as cutting speed and entry angle, showed little 
influence over the magnitudes of the cutting force coefficients. Limited tests with cutters 
presenting tool wear were conducted and led to believe that cutter wear and geometry might 
also affect the values of the coefficients. 

An example relation that illustrates the compounded effects of the cutting parameters 
(feed rate and axial depth of cut) to the model parameter, is illustrated in Figure 4. When 
the effect of a third parameter is investigated, the meshed surface transforms into a solid 
representation. 

To verify the accuracy of predictions, two milling cutters were used and the cutting tests 
carried out were identical for both tools. Graphical representations of the differences between 
the test data and predicted values for the new tool are presented in Figure 5. 



5. IMPLEMENTATION OF THE MACHINING PROCESS 
MODEL 

The obtained cutting force model was incorporated into the automated planning and 
programming program for sculptured part rough machining. Based on the workpiece geometry 
and the cutting model the cutting force is predicted. The feedrate of the cutting process is 
calculated to ensure that the maximum allowed cutting force is used through out the cutting 
process to achieve the maximum productivity. The inputs to the feedrate planning program 
include: 

• 0^^, entry angle calculated based on the geometry of the part and stock 

• surface models of the workpiece 

• d, the depth of cut calculated using the method discussed in [6] 
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the desired cutting force to be maintained throughout the machining process. The 
limits of cutting force are based on toolmaker’s recommendations and/or experimental 
data. 
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Figure 4. A 3D representation of a two parameter case 
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Figure 5. A comparison of predicated and measured cutting forces 




The feedrate for a particular position of the cutter is calculated based on the following 
algorithm. First, the entry angle at that position is calculated from the part and workpiece 
geometry. Depending on the entry angle, depth of cut and the feedrate, s^, is then 

determined through interpolation. 

The work of Vickers and Bradley [10] provided information regarding the time response 
of the Victor VM-5 four-axis machining center, equipped with a FANUC 6MB controller. 
They discovered that the shorter the table’s advancement, the larger the waiting time/execution 
time ratio becomes. It is thus advantageous to combine short moves into longer steps. This 
principle was reflected in the feedrate planning to avoid unnecessarily large number of small 
moves with a small change on feedrate. 

To verify the introduced machining process model parameters and their use in intelligent 
rough machining, a machining test was carried out. In this test a wedge-shaped workpiece 
was machined under a preset constant maximum cutting force. This limit on the cutting force 
was determined by the requirement of a chatterless cutting condition. To reduce the idle time 
between two successive instructions, a clustering of the table motion intervals was applied. 
The clustering is determined such that the predicted cutting force is within a preset range (i.e. 
10 percent}. Consequently, a reduced number of NC instructions is achieved, resulting in 
more efficient machining. The output from the program is shown in Figures 6 and 7. 

6. CONCLUSIONS 

To facilitate intelligent rough machining, which incorporates a machining process model 
into the planning and programming of sculptured part machining to achieve maximum 
productivity, this study on machining process models and generally applicable machining 
parameters was carried out. A low-cost dynamometer for a milling machine was designed, 
built and calibrated. Various existing machining process models was studied. A large number 
of cutting tests were carried out to establish a general purpose machining parameter database. 




Figure 6 . Clustered and non-clustered feed rates 
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A procedure for directly calculating instant feed rate based upon workpiece geometry 
(without the extensive calculation of cutting forces) was introduced. Feed rate clustering was 
introduced to improve machining productivity. The use of the cutting force prediction 
model led to 4 to 16 percent reduction of machining time, which translated into increased 
productivity and better loading on the machine tool. An analysis of the machine process 
model showed that the cutting force model produces conservative results due to the preferred 
over prediction on cutting force. An addition of cutter wear consideration in the model can 
further improve its accuracy. The cutting test produced satisfactory results. Incorporation of 
the cutting force model into the planning of machining parameters will produce significant 
machining time reduction. 
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Abstract: generation for sculptured surface machining and computer aided process 

modelling has been an active area of reseturch for the past few decades. The next 
development stage is to integrate the two research themes to improve the final prod- 
uct quality. This paper gives some insight into the anticipated difficulties and the 
problems which must be solved in order to achieve this goal. The research was con- 
ducted based on a case study in which the geometric modeller for sculptured surfaces 
and the system of cutting force calculations were integrated. One merit gained is that 
the tool deflection was predicted and compensated for during the tool path generation 
phase. As a result, a more accurate machined surface was obtained. 



1. INTRODUCTION 

In curved surface machining, parametric surface representation is normally used for 
the computer-aided design (CAD) portion. Parametric surfaces are often machined using an 
end mill for roughing and a ball mill for finishing. There are two main approaches to generate 
the cutter location file required for tool path generation for these surfaces. The first approach 
depends on generating the cutter contact point on the surface to be machined followed by an 
offsetting operation to generate the cutter location point to be used by the machine tool con- 
troller in driving the cutter along the programmed path. The second approach is based on gen- 
erating the offset surface that represents the loci of the cutter location points. The first 
approach is widely used in commercial CAD/CAM systems [13]. 

The next development stage is to enhance the phase of tool path generation by adding 
intelligent tools to either produce machined parts faster and/or more accurately. Some of the 
research work that has been performed in this direction has focused on the automatic genera- 
tion of the feed rate (Hemmett et a. [17], Lim [15], and Fussell et. al. [2, 16]). The idea is based 
on maintaining a constant magnitude for the cutting force. The cutting force can be chosen so 
that it does not violate certain constraints, such as the maximum holding force or maximum 
torque etc. [17]. 

In the second approach it is required to accurately model the resultant error during 
the cutting process and design error compensation schema. The error due to the tool deflection 
is one of the well known source of errors that can be determined and avoided. 

The work reported by Fussell et al. [16] has combined an inverse mechanistic model 
with the geometric model based on the surface point set (SPS). This is used to compute the 
feed rate that maximizes the metal removal rate in the case of roughing, and maintaining cer- 
tain levels of the cutting force in the case of finishing. 




ElMounayri et al. [14] proposed an enhancement to the CAD/CAM systems by using 
a conventional system with a machining process simulator and a coordinate measuring 
machine (CMM). The machining process simulator is based on a generic geometric modelling 
approach which combines solid, surface and cun'e modelling to accurately represent the differ- 
ent geometric entities involved in the process. The physical model is composed of force mod- 
els that accurately predict the process parameters. The coordinate measuring machine is 
intended to accurately model the cutting edge in order to fit a B-spline curve to the measured 
points so that any cutting tool shape can be used. 

In this paper prediction of the deflection of the cutting tool (based on modelling the 
cutting force) at certain points distributed on the design surfaces is calculated. A geometric 
modeller based on the variable offset technique developed by the authors [8, 13] was used to 
generate the compensated surface model. The compensated surface model is used to generate 
the cutter location points rather than the design surface. 

2. MODELLING OF THE CUTTING FORCE 



Smith and Tlusty in their paper [4] classified the modelling of the cutting force into 
five levels depending on accuracy and sophistication. The first level is the average rigid force 
and static deflection. The cutting force is calculated from the first principles of metal cutting. 
The cutting power is calculated as the multiplication of the specific cutting energy by the rate 
of metal removal, hence the cutting force can be calculated. The disadvantages of this tech- 
nique are that the direction of the cutting force is not known [2], and the size effect is not taken 
into consideration. The second level is the instantaneous rigid force. In this model the cutting 
force is calculated as a multiplication of the undeformed chip area by a certain constant. The 
third level is the instantaneous rigid force, static deflection model in which deflection is calcu- 
lated as a profile error where a surface generation point is determined and the direction and 
magnitude of the deflection are computed based on beam theory. Kline [5] developed a version 
of this model in which he sliced the end mill tool into thin discs and calculated the incremental 
cutting force for each disc. He referred to this as the incremental cutting force model. The 
fourth level is the instantaneous force with static deflection feedback, whereby the effect of 
tool deflection is considered in the calculation of the undeformed chip thickness. The last level 
is the regenerative force, dynamic deflection model. In this model the inertial forces within of 
the system (tool, workpiece, spindle) are considered, in addition to the effect of the topology of 
the surface left by the passage of the previous cutting tooth on the already engaged tooth [6]. 

2.1 Incremental Cutting Force For and End IVIill 



The incremental mechanistic model by Kline [5] has been taken as the basis for 
developing the cutting force model for this work. As previously mentioned in the introduction, 
the cutting force is calculated over a thin disc of the cutting tool, where the varying parameters 
due to change of helix angle are assumed constant. For each disc the chip load is determined, 
followed by the calculation and distribution of the cutting force as a function of the rotational 
angle. As shown in Fig. 1, the total cutting force can be expressed as a summation of the ele- 
mental radial and tangential components from equations 1 and 2. 



F. = K D t 
tn t z c 



( 1 ) 



Prl = 



K 

r tn 



( 2 ) 



Where, F^^ is the elemental tangential force, Fj.| is the elemental radial force, is the force 
element width, t^ is the chip load, and Kj, K^. are empirical constants. In order to calculate the 
chip angle p, the angular spacing angle y, and the angular increments of the cutter rotation 6, 
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are calculated from equations 3 and 4. 



^e) 



Where, Nf is the number of flutes and Nq is the number of the angular increments of 
the cutter rotation. Indicating the parameter i as the ith axial disc element, j as the jth angular 
position of the cutter, and k as the kth flute number. The chip thickness is calculated as a func- 
tion of the chip angle P according to equation 5. 



t^ = fjSinP(i,j,k) 



Where p (i, j, k) is calculated from equation 6. 



p(i,j,k) = [-e(j) + (k-l)y] + (i-l)D +-^ 

V ^ L 



Ah V(R) , a^^<P(i,j,k)>a^ 



Where is the helix angle, is the exit angle, is the entry angle and R is the 
tool radius. It should be noted that the middle term is due to the fact that the surface generation 
process is viewed as the projection of a helical tooth sliding across the work surface [7]. In 
order to calculate the X and Y components, the elemental tangential and radial forces are 
resolved into X and Y coordinates according to equations 7 and 8. 



4-Z 




Fig. 1 The Cutting Force for an End Mill 



The total X and Y force components at the jth angular position are obtained by summing the 
above two elemental forces, as given in equations 9 and 10. 

INf 

DF^ = ^ -DF^x sinp(i,j,k) +DF^xcosP(i,j, k) (7) 

i = 1 

£ DF^xcosP(i,j, k) +DFjXsinP(i,j, k) 
i = 1 
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(9) 



( 10 ) 



N 

= 

i = 1 



i = 1 



y 



2.2 Calculation of the Entry and Exit Angles 

The entry and exit angles shown in Fig. 2 represent the limits between which the chip 
angle p must lie. Mathematically, they represent the integration limits[5]. Calculation of theses 
angles involves identifying whether the dominant process is up or down milling. For down 
milling (group 1) the exit angle is zero, and the entry angle is calculated from the process 
parameters (axial depth of cut and tool radius). For up milling (group 2) they are reversed. 

2.3 Determination of The Number of Engaged Flutes 
During one Complete Revolution 



As shown in Fig. 3, flute number 1 will be engaged in the cutting process twice dur- 
ing one complete revolution due to the helix action. To preserve the integrity of the model, the 
calculation of the chip angle should be different for each case. Modification was suggested for 
calculating the chip angle p using equations 11 and 12 for group 1, and equations 13 and 14 for 
group 2. The first equation in each group is used if the flute is engaged for the first time, while 
the second equation applies if it is engaged for the second time. 

2.4 Extending the Cutting Force Model 

The previous cutting force model was developed originally for down milling, where 
the cutting feed direction is in the x-f direction with a maximum depth of cut off less than or 
equal to the tool radius. Since this is not always the case during the machining of sculptured 
surfaces, there is a need to extend the model to include more cases. Eight cases were identified 
for extending the cutting force model [8]. These depend upon whether the feed vector is in the 
-f-x or -X direction, the infeed vector (cross feed) is in the +y or -y and vice versa, and whether 
the dominant milling operation is up or down milling. 
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2.5 Model Verification and Simulation 
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Four different machining test cases were selected from Kline [5] as the basis to test 
and verify the validity of the extended cutting force model. It was found that the results were in 
high agreement with Kline’s models. The following machining parameters are used for the 
verification of the case shown in Fig. 4: axial depth of cut 0.5 inches, radial depth of cut 0.4 
inches, tool diameter 1 inch, feed 40 inches/min, RPM 400, 4 flutes, helix angle 30°, and the 
workpiece material was Aluminium 7075. Fig. 4 a shows the cutting force (F^, F^) when the 
feed vector is in the direction of positive x and the cross feed vector is in the positive y direc- 
tions. Fig. 4 b describes the case where the feed vector is in the direction of negative x. 

Case A B 
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1 00 200 300 

Angle of Rotation (deg.) 

Fig. 4 Simulation of the Extended Cutting Force Model 

3. INTEGRATION ISSUES 

To integrate the cutting force model and the geometric model of the sculptured sur- 
face, the following technique has been followed. The surface patch is intersected by parallel 
planes. This approach guarantees the uniformity of certain process parameters such as: radial 
depth of cut, and entry and exit angles.The basic element in compensating for the errors due to 
the cutting force is to calculate the deflection of the end mill. The tool deflection was consid- 
ered as a simply supported beam and the peak value of the cutting force was used (the maxi- 
mum value of discrete values calculated for one complete revolution). 
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3.1 Error Compensation 



The deflection of the end mill (error) is calculated at a discrete number of locations 
over the entire surface patch. An inverse operator is applied to the direction of the tool deflec- 
tion to calculate an error vector at each point (equation 15). The surface patch is then offset in 
the direction of the error vector using an offset technique developed by the authors [8, 13]. Fig. 
6 shows a schematic diagram of the compensation algorithm. 



3 “ [_Ax Ay Az] 



-10 0 
0-10 
0 0-1 



Inverse operator 
(15) 



Where d is the offset vector, Ax is the deflection of the cutting tool due to the cutting 
force component in the x direction, Ay is the deflection of the cutting tool due to the cutting 
force component in the y direction, and Az was set to zero. 



Control Polygon 




Fig. 6 Schematic Diagram of the Compensation Scheme 



3.2 Model Simulation 



Fig. 7 shows the idea of the surface compensation technique. Machining conditions 
were: feed rate 20 inches/min, RPM 2000, 4 flutes, helix angle 30 deg. , workpiece material 
Aluminum 7075, width of cut 0.04 inches, and tool diameter 0.5 inches. 




Fig. 7 Simulation of the Design and the Compensated Surfaces 
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4 . 



EXPERIMENTAL RESULTS 



Figures 8 and 9 show two surface patches (surfaces I and II) that were used to test the 
proposed algorithm. Fig. 8 shows the error whiskers of surface I before and after compensation 
which indicates an improvement in the surface accuracy of up to 20 percent. Figure 9 shows 
the shaded image of surface II before and after compensation. The light region has increased 
(which indicates more region is within the prescribed tolerance). It also shows that the dark- 
ness of some regions has decreased, which indicates an improvement in the surface accuracy. 
Figure 10 shows the design and the compensated surface patches (surface II) during inspection 
on the CMM. During the inspection the design surface was used to drive the inspection process 
for both patches. It is believed that incorporating more process parameters, such as initial tool 
wear, machining with the bottom of an end mill, tool runout, and fixture errors will at least 
double this percentage. Other sources of error, such as setup errors and fixture errors, can also 
contribute to this accuracy gain if accurately modelled and predicted. Machine tool errors such 
as quasi static errors and control system errors are also of high interest for inclusion. 





Fig. 9 Surface II before and after 
Compensation 



Fig. 10 Surface II During Measurement 




4.1 Effect of the Scallop Height on the Accuracy of 
Inspection 

Lim [15] mentioned that the effect of scallop height on the measurement error ranges 
from 0 to a maximum height h, where h is the scallop height given by equation 16. 

where C is the step over distance, R is the tool radius, a is the inclination of the of 
stepover vector. To take the extreme case, two flat surfaces were machined using a ball end 
mill. The first surface was hand finished to remove the scallops and the other left as is. Using a 
1 2 mm ball mill tool and a step over distance of 1.8 mm, a equal to zero. According to equa- 
tion 16 the scallop height is estimated to be 55 micron. Figure 11 shows the two surfaces after 
inspection. Excluding the areas near the edges, the inspection error is between (0 to 5%). This 
proved that the manual process to remove the scallops did not affect the accuracy of the 
inspection process. 



With scallop 



Without scallop 




Fig. 1 1 Effect of the Scallop height on the Measuring Accuracy 



5.0 CONCLUSION 

To compensate for the machining errors during production, a prediction model for 
the process errors is necessary. In this work a model for the cutting force was used to predict 
the tool deflection during cutting. An inverse operator was used to calculate the compensation 
error vector. An offset surface model, developed in previous work, was used to offset the sur- 
face in the direction of the error vector. 

The results of the simulated design and compensated surfaces, as well as the experi- 
mental work performed showed that a geometric model of the compensated surface can be 
obtained. This may further advance the trend to machine sculptured surfaces with improved 
accuracy using the existing CAD/CAM systems. 
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Abstract; The purpose of this research is to determine feasibility and develop software tools for 
automatically generating adaptive feedrates for use in five-axis CNC end milling. The 
complicated part geometries often involved with five-axis milling, combined with the 
rotational degrees of freedom of the machines, make it difficult to manually estimate 
acceptable feedrates without being overly conservative. Our approach for automatic 
feedrate generation is to use a computer simulation of the milling process. This software 
estimates the feeds required to maintain a desired peak cutting force on a per-tool-move 
basis, and consists of three distinct portions: a discrete mechanistic model, a discrete 
geometric model, and a model of the specific CNC machine on which the part is to be cut. 
The mechanistic model estimates cutting forces as a function of cut geometry, cutter-to- 
stock relative velocity, and material constants. Used in an inverse manner, the mechanistic 
model may be used to estimate the feedrates necessary to maintain a constant peak cutting 
force. This force value may be selected to prevent cutter breakage, maintain a desired part 
tolerance, or to meet some other criteria (e.g. machine constraints). The results of this 
research have shown that it is possible to automatically generate adaptive feeds that maintain 
a desired force level using these combined models. 



1. INTRODUCTION 

The focus of this research is adaptive feedrate selection for five-axis contour milling of 
complex surfaces. The use of adaptive feedrates can reduce the machining time necessary to 
cut a given part, improve part tolerance, and improve the overall process reliability, as the 
feeds continually adjust with the changing cutting conditions. The complex surface 
geometries involved in contour milling, combined with the often unpredictable kinematics 
and controller behavior of five-axis mills, make it difficult to manually estimate acceptable 
feedrate values. The complexity of the problem offers little hope for efficient manual 
optimization. In the interest of protecting the machine and the part, manually estimated feeds 
are often overly conservative, based on perceived worst-case conditions which may occur 
very infrequently during the milling process. 

Through computer simulation of the milling process it is possible to generate adaptive 
feeds which vary on a per tool-move basis with the changing cutting conditions, and are near 
optimal based on a desired force constraint. This can greatly reduce the machining time, 
reduce the chance for cutter breakage, and produce more predictable results. Additionally it 
simplifies and expedites the feed selection process. 

The approach for force-based feedrate selection presented in this paper does not rely on a 
single model. Instead an integrated approach is used, combining three separate discrete 
models. These models represent the three primary contributors to the force-feedrate relation, 
and are referred to in this research as the mechanistic model, the geometric model, and the 
machine model. 




2. DISCRETE MECHANISTIC MODEL OF CUTTING 

FORCES 

2.1 Force Estimation 

The mechanistic model estimates cutting force vectors based on cut geometry, feedrate, 
and material constants. The end milling mechanistic model implemented in this research is 
based on Kline and DeVor’s work (Kline et al., 1982 and Kline and DeVor, 1983). They use 
Tlusty and MacNeil’s model (Tlusty and MacNeil, 1975), but instead of integrating in a 
closed form, they implement a numerical technique which slices the cutter into a series of 
discs. Using the Kline and DeVor discrete mechanistic model, the vector forces acting on the 
cutting tool may be estimated as 

Nz Nf 

Fx(0) = E Z {-Kr Kt dztc Sin(a) + Kt dztc cos(a) } ( 1 ) 

i=l k=l 

Nz Nf 

Fy (0) = Z Z {Kr Kt dztc cos^) + Kt dztc sin(a)} (2) 

i=l k=l 

where F^, Fy = X and Y vector forces acting on the cutter at cutter angle 0 (Ibf) 

0 = rotation angle of the cutter (rad), 

N 2 , Nf = number of axial disk elements and number of flutes on cutting tool, 

Kr, Kj = functions of cut geometry, material constants, and cutting tool runout, 
and dz = thickness of an axial disk element (in); 

t, = f, sin (a) (3) 

where T = chip thickness (in), assuming no cutter deflection, 

a = angular location of current flute on current disc, 

and fj = the feed-per-tooth value (in/tooth) 

Essentially this model sums, over each flute on each disc of the cutting tool model, the 
vector force necessary to shear a chip from the stock by a flute segment which is engaged in 
the metal. The range of engagement is bounded by the cutter entrance and exit angles, which 
are denoted the ‘cut geometry parameters’, calculated using the geometric milling model. 
Feed-per-tooth is a direct function of the cutter-to-stock relative velocity, which may be 
related to feedrate through a machine model. 

The axial discretization of the cutting tool provides a very robust model, allowing for 
variations in the relative velocity and cut geometry along the cutter’s axis. This model also 
allows for the inclusion of runout (very slight eccentricity of the cutting tool), cutter tilt, and 
variable cutting constants in calculating the force vectors on the cutter. This model has been 
successfully implemented in the estimation of both three-axis and five-axis milling forces 
(Ersoy, 1993, Fussell et al., 1994 and Elemmett, 1994). 

2.2 Inverse Mechanistic Modeling 

The discrete mechanistic model, developed to estimate cutting force vectors acting on the 
cutting tool, may also be used in an inverse manner to generate feedrates necessary to 
maintain a constant cutting force (Fussell et al., 1995). This force may be selected based on a 
number of criteria, including maintaining part tolerance by limiting cutter deflection, or 
meeting a machine constraint such as a maximum torque value allowed on a rotary table. By 
selecting a desired force vector (or magnitude), the feedrate value that produces this force 
may be calculated with the inverse mechanistic model. 

In this research an iterative approach at implementing inverse mechanistic modeling has 
been selected. The iterative method uses Eqs. (1), (2) and (3) along with an initial feedrate 
estimate, to calculate X and Y force vectors. These may be combined into a net force vector 
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for comparison to the desired cutting force magnitude. If the force values do not match 
(within a given tolerance), the feedrate value is adjusted appropriately using a bisection or 
similar method, and the force value is recalculated. Typically, only a few iterations are 
required to match force values within a given tolerance. 



3. GEOMETRIC MODELING OF NC MACHINING 

3.1 Stock Material and Toolpath Representation 

The geometric model performs two important functions in the feedrate selection process. 
It is responsible for providing the cut geometry data for the mechanistic model, and it also 
serves as a dynamic geometric record of the in-process workpiece. An accurate model of the 
in-process machining is important to ensure that correct cut geometry parameters are 
calculated as the simulation progresses. 

Although an exact representation of the part geometry would be desirable, it is not 
practical to attempt to implement such an approach. Defining surfaces and calculating 
surface-surface intersections are computationally expensive procedures, even for relatively 
simple geometries. This makes a spatially continuous geometric history very difficult, if not 
impossible, to achieve in an efficient and robust manner using current technology. 

To overcome this problem a discrete representation of the machining geometry is used. 
The method selected is an extended Z-buffer approach (Hemmett, 1994). This method is 
similar to both the ray-casting (Wang 86, Menon and Robinson, 1992, Choi and Jerard, 1998) 
and dexel approaches used in NC toolpath modeling and verification (Wang 1986, VanHook 
1986). In this model, the workpiece is modeled as a set of discrete, parallel vectors uniformly 
distributed along the base of the stock, and the toolpath envelope is modeled as a set of 
geometric primitives (see Figure 1). This greatly simplifies calculation of the region of 
intersection between the cutting tool to stock, reducing it to a set of simple line-geometric 
primitive intersection calculations. The use of a Z-buffer model also requires only the storage 
of each vector’s intersection location(s), simplifying geometry storage (Wang and Wang, 
1986). While its lack of complexity makes the Z-buffer approach fast and robust, it is still 
capable of providing the required accuracy for this application. 

The extended Z-buffer model is 
created after defining a Cartesian 
coordinate system denoted as the 
Workpiece space. The Z-buffer vectors 
extend in the +Z direction in workpiece 
space, and are distributed in a grid-like 
pattern in the X,Y plane. These vectors 
form the Z-buffer elements, and are 
referred to as Column Vectors (CVs) in 
this research. The number of CVs desired 
in a model is defined via a mesh size, 
which represents the shortest distance 
between adjacent CVs. Control over mesh 
size allows the user to balance 
computation speed and accuracy for a 
given application. The spatial area 
associated with a single vector is constant for all CVs and may be used in volume removal 
calculations (Ersoy, 1993). 

Once the raw stock has been discretized into CVs, intersections between these vectors and 
a discrete approximation of the 5-axis toolpath envelope are calculated and stored (Jerard et 
al., 1989, Hemmett, 1994). The toolpath envelope, defined as the volume swept by the cutting 




140 




tool between two adjacent tool positions, is modeled as a closed solid composed from a set of 
geometric primitives. The individual cutter movements are modelled linearly, with the cutter 
at a constant orientation (much like a tilted 3 -axis cutter move), with all changes in cutter 
angular orientation occurring between each individual toolpath envelope. This simplification 
introduces some error, but by dividing large moves into a series of sub-moves, having smaller 
orientation changes, the error may be controlled. This subdivision may be defined such that 
the maximum error introduced by the linearly swept toolpath description is limited to an 
acceptable value (Quinn, 1993), minimizing the impact of the approximation. 

Following the calculation of the points of intersection between the CVs and the toolpath 
envelope, regions along the CVs which lie within the toolpath envelope are considered 
“removed” (Figure 2). The Z-buffer model is referred to as “extended” as multiple 
intersections may be stored along a given CV, a necessary requirement in the modeling of 
five-axis machining. The extended Z-buffer model deals with this by modeling each CV as a 
linked-list structure, allowing for the storage of multiple intersection locations (“gaps”) along 
a given CV, as well as simplifying intersection data management (Figure 2). 




Figure 2. Multiple Intersections Between Toolpath Envelope and CVs 

Conveniently, the use of an extended Z-buffer in the geometric model lends itself nicely 
to graphical display of shaded images, which may be viewed to verify the model. Figure 3 
shows a shaded image of the in-process milling of an automotive fender. 




Figure 3. Shaded Image Display of In-Process Machining using Extended Z-buffer 
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3.2 Calculation of Geometric Parameters 



Following the intersection calculations for a given tool move, the cut geometry 
parameters are calculated. The cut geometry parameters define the region of the cutting tool 
engaged in the stock material for a given tool move. The force vector calculations are directly 
dependent upon both the magnitude and location of the contact area between the cutting tool 
and the workpiece. 

The mechanistic model divides the cutting tool into a set of axial disc elements. For each 
disc there are two primary geometric cut parameter concerns. The first concern is whether or 
not a given axial disc element is engaged in the stock. For a disc that is engaged in the stock, 
the second concern for discs engaged in the stock is to define the limits of engagement, 
defined in the mechanistic model via a set of entrance / exit angles. 

During geometric parameter calculation it is convenient to use a coordinate system that 
rides on the cutting tool itself; “cutting tool” coordinates. This orthogonal coordinate system 
has one axes in the direction of the travel vector and another vector which is orthogonal to 
both the direction vector and the cutter orientation vector, denoted the toolpath “Normal” 
vector, (see Figure 4). 

The entrance / exit angles are calculated by solving for the Normal direction component 
of each intersection, and storing the maximum and minimum Normal positions found during a 
given tool move (Figure 4). Once the maximum and minimum Normal positions have been 
found for a move, the entrance and exit angles are found using 

a = sin’^( NormalPos / R ) + 7t/2 (4) 

Where a = Entrance / Exit Angle value, 

NormalPos = Max / Min Intersection Normal Position, 

R = Current axial disc radius, 

and Till is added to align the angle values with mechanistic model conventions. 




Figure 4. Entrance and Exit Angle Calculation 



4. THE CNC MACHINE MODEL 

The CNC machine model is required to relate the feedrate values entered into the CNC 
machine to the actual relative velocities experienced by the cutting tool relative to the stock 
material. This is achieved by modeling the kinematics of the machine, as well as its controller 
behavior, and is therefore machine specific. In order to account for the effects of the machine 
specific information M and G code data are used as input, as opposed to CLDAT or APT files, 
which lack the machine information. 

The rotational degrees of freedom present in five-axis milling cause the cutter-to-stock 
relative velocity to vary greatly from the input feedrate value. The relative velocity value is 
required for the accurate calculation of chip thickness values required by the mechanistic 
model. Cutter-to-stock relative velocity can vary not only from one move to the next, but also 
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along the length of the cutter, even for a constant input feedrate. Therefore it must be 
calculated not only for every tool move, but for every axial disc element of the cutting tool 
engaged in the stock during a given tool move. 

In reality, the relative velocity varies continuously as the tool moves through space, but 
in our approach it is calculated once per tool move, using the value that exists at the middle of 
the move. Due to the small size of the tool moves (recall large moves are subdivided by the 
software), this results in an accurate estimation of the actual relative velocity value and has 
been verified through testing. The machine model may therefore also be thought of as discrete, 
as only a single ‘sampled’ instance of a continuous function is used in the calculations. 



5. MODEL INTEGRATION AND VERIFICATION 



In this research project, the inverse mechanistic, machine, and geometric models are 
implemented in an integrated manner. The software integration scheme is shown in Figure 5. 

G-code Position 
' Data 

G-code InputFeedrate Value 




(Relative 

Velocities) 



YES, Output Feed 
to G-code File 8c 
get next move. 



Figure 5. Flowchart of Integrated Software Model 

For each tool move contained in a G-Code file, the toolpath envelope is checked for 
intersections with the CVs in the region of that move, and the geometric model is updated 
accordingly. The geometric parameters are then calculated for each intersected axial disc 
from the intersection data, and stored. If any intersections were found for the current tool 
move, the machine model is then used to calculate the relative of each axial disc element 
relative to the stock. Once the geometric parameters and relative velocities for all relevant 
axial discs have been found, the inverse mechanistic model is invoked to estimate the feedrate 
necessary to maintain the desired force. The inverse mechanistic model estimates the force 
produced by a given feedrate value, and iterates on the feed value until the estimated force is 
within the desired range. This procedure is repeated for each tool move in the G-Code file, 
resulting in a set of optimal feedrates for a given machining operation. 

The initial testing which has been performed using the integrated model has produced 
excellent results. Currently only three-axis force data has been collected as the testing is in its 
preliminary stages. It is felt that if each component of the integrated model performs well, 
then the integrated model should too. 
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Figure 6. Rendering of Test Workpiece Table 1: Relevant Workpiece, Cutter, and 

Mechanistic Test Cut Parameters 



Figure 6 displays the results of the geometric model portion of the milling simulation for 
the test workpiece. The surface milled is a sinusoid with a period of 8” and a magnitude of 
0.25”, positioned such that the top of the curve is aligned with the top of the stock. Table 1 
displays stock and cutter properties relevant to the mechanistic model. 

Figure 7 displays measured force magnitudes alongside the estimated forces for the first 
complete pass in the generation of the sine surface. The upper set of plots shows the forces for 
a constant feedrate, and the lower plots for adaptive feeds generated with the integrated model. 
The spread in the measured values is due to cutter dynamics and runout. Note the value of 
interest in the measured force plots is the peak value. 




Figure 7. Measured and Estimated Force Levels for Constant Feedrate = 6 IPM (TOP), and 
Adaptive Feedrate set to Maintain a Constant 75 lb. Force Magnitude (BOTTOM). 
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In the upper plots a constant feedrate value of 6 IPM was selected. Note how the force 
signature tracks the depth of cut during constant feedrate cutting. In traditional manual 
feedrate selection the values are often selected based on worst case conditions, resulting in 
this large fluctuation in force values as the geometric cutting conditions vary between tool 
moves. 

In the lower plots an adaptive feedrate is used, the feeds selected to maintain a constant 
cutting force of 75 Lb. Figure 8 shows the feedrate values used to maintain the constant force 
level relative to the depth of cut (depth not to scale). A maximum allowable feed value of 40 
IPM was set for this test, this value is purely arbitrary and will likely increase as testing 
continues. In the adaptive case there is less concern with worst case conditions, as the feed 
adjusts to maintain the desired force for all cutting conditions. Using adaptive feeds the peak 
force magnitude is reduced 17% and the milling time is decreased 26% relative to the constant 
feed approach, providing a more conservative feedrate definition at a reduced milling time. 
Note that this milling time reduction does not include air time, where the tool can travel at an 
extremely rapid rate. Additionally, less effort is required to define the feedrate. When defining 
constant feeds it is often necessary to guess at a value based on the assumed worst case 
conditions, and then cut a test piece and adjust the feeds as necessary to achieve the desired 
results. In the force based feed selection approach the software performs the iterations 
necessary to arrive as safe feedrate values rather than the process engineer. 



Feed vs. Depth of Cut (Depth -+/-0.25") 




Figure 8. Adaptive Feedrate Values used in Test Cut 

In both cases the shape of the force profile matches very well between the measured and 
estimated force values. However, the force magnitude of the measured forces exceeds the 
predicted values by approximately 25%. This may be attributed to cutter runout, or a slight 
eccentricity of the cutter relative to the machine spindle. This results in a variable radius on 
the cutter, with an increased chip load on the side with the larger effective radii causing 
increased peak forces. Cutter runout also results in the large spread of the cutting forces seen 
in the plots due to the uneven chip load. The initial integrated model was developed without 
including runountl. The testing results demonstrate that runout inclusion is necessary and 
therefore the runout model developed by (Kline and DeVor, 1983) is being added to the 
model. 



6. CONCLUSIONS 

Using the discrete mechanistic model of Devor and Kline, combined with a discrete 
geometric milling model and a NC machine model, an integrated system capable of accurately 
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estimating milling forces during the machining of sculptured surfaces has been developed. 
Used in an inverse manner this model is capable of selecting the feedrates necessary to 
maintain a desired force level. Initial testing indicates that this integrated modelling approach 
for three and five-axis feedrate generation is viable. Due to the inherent complications in 
selecting feeds for five-axis milling introduced by machine kinematics and complex cut 
geometry it is felt that this tool can be very useful to the manufacturing community, both to 
simplify process definition and to improve the milling process. 

Continuing research in this area includes inclusion of cutter runout, smoothing of the 
feedrate data, and development of hybrid methods for feedrate estimation. Modeling the 
cutter runout is necessary since there will almost always be some eccentricity introduced by 
the tool and its holder. Acceleration limitations of the machine tool servo system dictate that 
no rapid variations in the feedrate be input to the NC machine. The feeds themselves should 
also be within the operating ability of a given machine. To meet this goal, smoothing 
algorithms are currently being developed which ensure that the feeds and accelerations are 
acceptable. Also, to reduce the computational load imposed by the feedrate selection system, 
methods of identifying when simpler models may be used in conjunction with the inverse 
mechanistic / extended Z-buffer model are being investigated, as well as performance 
enhancements to the existing system. 
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Abstract: When milling sculptured surfaces the major problems are unsatisfactory process reliability 

and the limited precision due to milling-cutter deflections caused by the cutting force. One 
method for improving the process reliability and the surface quality is the computer-based 
engagement analysis and feed-rate adaption. The aim of the feed-rate adaption is to avoid 
intolerably high tool loads as they occur while semi-fmishing sculptured surfaces. The use 
of an adaptive simulation system can ensure an optimal agreement between the simulation 
model and the real cutting process. 



1. INTRODUCTION 

As form tools are necessary for a wide range of production technologies productivity can 
be greatly improved and costs can be decreased (e.g. drop-forging and injection-molding) by 
using more economical and more flexible methods to manufacture such molds. One of these 
ways is direct HSC-milling of hardened steel, which is becoming more and more popular in 
the die-and-mold manufacturing industry [2]. This technology has been developed to practical 
usability, actively supported by research efforts in the areas of machine tools, controls and 
tools. 

There are two remaining major problems concerning this cutting process: The poor process 
reliability -compared to erosive technologies - due to changing engagement conditions 
especially while semi-fmishing and the problem of contour deviations caused by cutting-tool 
deformations due to cutting forces. 

Process reliability is considerably influenced by the risk of tool breakage. The most 
important reason for tool breakage is that cutting forces increase significantly due to varying 
real offset conditions. 

Contour-faults are caused by two major factors: the limited dynamic capability of the HSC- 
milling-machine and the deformation of the cutting tool. The first of these influences can be 
reduced by continuous aligned milling paths and intelligent control-algorithms like feed- 
forward or look-ahead. Cutter deformation, the second factor having an influence on contour 
faults is caused by changing cutting forces due to changing engagement conditions and local 
surface-overmeasures. 

These problems have to be minimized in order to take full advantage of the greater 
productivity of the HSC-milling process. 

There are different ways for improving the process reliability: 

• Milling in discrete steps with reduced surface-overmeasure in order to reduce cutting- 
forces, 

• milling with an overall reduced feed-rate in oder to reduce peaks of the cutting forces, 
escpecially in areas of locally increased overmeasure, 

• manual feed-rate adaption by the worker during the process, 

• computer-based engagement analysis and feed-rate adaption. 

The first and the second methods can be implemented without problems. The disadvantage 
of these methods is a significant increase in machining time. The efficiency of the third 




method, manual feed-rate adaption, depends on the skill and the attention of the worker. The 
high feed-rates of modern HSC-milling machines make it almost impossible for the worker to 
react fast enough to changing offset conditions. 

A method for ensuring high process reliability while decreasing contour-faults is the feed- 
rate adjustment based on the calculation of engagement conditions and cutting volumes. This 
paper describes a milling simulation developed to implement this method and thus gives us an 
insight into the simulation kernel. The concept of an adaptive simulation system is explained 
and the efficiency of the approach developed is demonstrated with a practical example. 



2. PROCESS RELIABILITY IMPROVEMENTS BY 
SIMULATION AND FEED-RATE ADAPTION 

As shown in several papers, accuracy, process reliability and the time required for the 
milling process can be improved significantly when using different cutting process models to 
determine the cutting conditions [1, 7, 13]. The crucial aspect is that all models require 
knowledge of the cutting conditions. This is especially difficult when milling sculptured 
surfaces, which occur almost exclusively in the die-and-mold manufacturing industry. For 2 
and 2 V 2 dimensional problems, the engagement conditions can be determined from the NC 
paths themselves and are constant over a wide range. When milling sculptured surfaces, the 
engagement conditions constantly vary at a very quick rate and, in general, it is impossible to 
calculate these values from the NC paths. 




Figure 1. Rendered image of the resulting surface calculated by the milling simulation of the 
rough milling (5301 paths, 8 s computing time on a Pentium PC, 133 MHz). 

The development of an efficient 3 -axis, milling process simulation makes it possible to 
calculate the actual geometry of the machined part at any given time during the processing of 
the NC paths and to verify the automatically generated NC paths [8]. The simulation is based 
on a discrete volume model and our method diminishes the time and memory space the 
computer requires for the simulation process, an aspect which has been neglected in the 
literature up to now. Details of the simulation kernel are described in section 3. An example is 
given in figure 1. The resulting surface of the workpiece as calculated by the milling 
simulation of the NC paths for rough-milling is displayed as a rendered image. The 
computing time necessary to calculate this result for 5301 NC paths is 8 seconds on a Pentium 
PC. 
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But what makes the simulation system suitable for feed-rate adaption is that the simulation 
allows us to calculate the engagement conditions during the milling of sculptured surfaces. 
This analysis is necessary to determine the exact cutting-chip volume and afterwards the 
resulting cross-sectional area of the chip as a function of the pressure-angle (p for all positions 
of the NC-data (Figure 2). 




Figure 2. Analysis of engagement conditions 



2..1 Basic method of feed-rate adaption 

In figure 3 the main idea of the feed-rate adaption is shown in a graph. The calculations 
are based on the cross-sectional area of cut Ach, derived from the analysis of engagement 
conditions, described above. With respect to feed-rate adaption this factor is modified by two 
correction factors, in order to take into account the technological effects of cutting symmetry 
and path inclination. These factors are used to virtually increase or decrease the real cross- 
sectional area of cut. The modified cross-sectional area is calculated by the formula: 

^mod ~ ^ch ■ ^Geo ' ^ cl 




If the calculated cross-sectional area^„,o^is below a specified value, the maximum feed-rate is 
used. lies between the maximum and minimum values {Aj^odmin and Anjodmcc^^ the actual 

feed-rate is decreased linearly: 
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^ f ~ ^ f ,max / \ ■ \^mod ^mod,min 

y^mod,max ~ ^mod,min ) 

If the modified value Af^jod is higher than Amod,max^ the feed-rate will not be further reduced, 
i.e. it remains on the lowest possible level defined by Vf^min- If this occurs, a warning message 
is generated, indicating that the maximum cross-sectional area of cut has been exceeded. 



2..2 Symmetry of engagement 



To take the technological influences of cutting symmetry and path inclination into account 
two correction factors are defined. The first correction factor Soeo describes the influence of 
symmetry of engagement (Figure 4). First a symmetry factor fsym is calculated, defining the 
ratio between cross-sectional area of cut on the left side (viewed in feed-direction) and on the 
right side. This factor describes the engagement situation: whether it is a symmetrical 
engagement at the tool tip or only at the circumference of the cutter. The symmetry factor is 
defined as: 

max{Ach,le.Ac.h,.i) 



If there is a complete symmetrical engagement, the factor Soeo is set at 1 (figure 4). The factor 
is increased continuously to the maximum SGeo,max, for symmetry values between 1 and a 
definable minimum value fsym.mhv 



^Geo ~ ^Geo,r\ 



(^Geo ,max l) ■ (fsym fsym,min ) 
(l “ f^m, min ) 



The reason for this behaviour is that an engagement only at the circumference of the cutter 
leads to higher cutter deflections in comparison with a symmetrical engagement in the area of 
the tool tip. 




Figure 4. Relation between cross-sectional area and feed-rate 



2. .3 Influence of milling direction 

It is a technological fact, that the tool load for downward directed cutting paths (plunge 
cutting) is noticeably higher than in the case of an upward directed path. To take this into 
account a correction factor for the path inclination 4/ is defined as follows (figure 5): 

~~2 ~ ^ ~ ^ ^ cl ~ ^ cl, max 
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^min < ^ ^ 0 
0 < a < ct max 




^max ^ ^ ~ 2 ^ ~ 

In the case of a horizontally aligned path the correction factor is set to 1, i.e. there is no 
correction. Downward aligned paths increase virtually the calculated cross-sectional area of 
cut and upward directed paths decrease it. 




Figure 5. Definition of the correction factor for path inclination 



2..4 Aspects of machining dynamics 

In order to achieve the calculated feed-rate at the appropriate position it is necessary to 
take into account the dynamic capabilities of the machine (figure 6). In this case the 
deceleration length must be calculated and the new feed-rate value must be added to the NC- 
file at the correct position. The deceleration length is defined by: 

, ^ f,act^ f,ne^v^ . ^ 

Uec = 

2>am 

with Qjn equal to the maximum deceleration of the machine. The first term in this expression is 
the real deceleration length caused by the limited dynamic capabilities of the machine, and the 
value D (cutter diameter) is used as a safety parameter. It is used to ensure that the calculated 
optimal feed-rate is reached before the volume to be cut exceeds a given value. 




^'f,act ^’f,new 



Figure 6. Calculation of the deceleration length 



3. THE SIMULATION KERNEL 

A method for calculating the actual surface geometry of the workpiece at any given point 
in the milling process and one which is not influenced by the size of the NC-file has been 
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developed. The original idea is very simple and several modifications of this idea have been 
described before [7, 11]: 

Let M be a set of line segments in 3d space defining the path of the reference point of a 
given cutter. Further, let /be a function that represents the cutter./ maps a symmetric region 
around the origin of a 2d coordinate system into negative real numbers. Typical examples are 
flat-end cutters, 



f(x,y):= -r,x,y e D{f):= {(x,y)\x^ + / < r'} , 



ball-end cutters 



f(x,yy=-^Jr^ -x^ -y\x,y eD(f):= +y^ <r^}, 

and torus-end cutters 

-r,x,y eD{f):= {{x,y)\x^+y" <(r-ef} 

.......... L 



-r + e-^e ~{r-x) -{r-y) ,x,y e D{f)\= Ux,y) ^ 

The real number r is a value for the size of the cutter. In both cases the origin is used as a 
reference point. The aim is to calculate the surface which is cut into the solid material when 
the reference point of the cutter is moved along the path M. First we assume the block of raw 
material to be a parallel-piped rectangle with external coordinates x^in, x^ax. ymin? Ymax? z^in and 
Zmax in a suitable coordinate system. The surface can be described as the minimum of all 
points on the cutter surface at every cutter location along the path which additionally have to 
be clipped against the block of material, 

F{x, y)-.= min{z„,, , min{z|z: = s(x' ,y') + f{x - x' ,y - y'), 

(x-x',j-/)£D(/),z>z_,(x',y,5(x',y))eM}} 



The exact calculation of F(x, y) is time consuming, complicated and unstable due to the 
complex, detailed geometry of the resulting surface. An exact approach has been implemented 
by Kawashima [4]. An improvement on this approach has been made by Hui [3]. Fie avoids 
analytic calculations of the volumes of the chips swept out by the cutter. The main idea is to 
scan-convert the cutter path as well as the surface of the cutter. The scan-converted cutter is 
placed at each sampling point along the cutter path and the z-value of the sampling grid is 
decreased according to the respective values for the scan-converted cutter surface. 

The solution we have chosen is a discrete approach similar to the methods used by Hui [3] 
and Yazar [13]. In contrast to other approaches we improved the method in order to reduce 
the time and memory requirements of other straightforward implementations. The 
fundamental data structure of the model on which our algorithm operates contains the 
minimum and maximum x-, y- and z-coordinates of the material block on which the process is 
simulated. Furthermore, the data structure describes the resolution of the sampling grid in 
dots per millimeter. The z-heights are defined as having a resolution that is 256 times the 
resolution of the grid, in order to avoid staircase effects, and are represented by integers. The 
complete algorithm proceeds somewhat as follows. 



scan-convert the surface of the cutter; 
for the final grid point q of the first segment do: 
for all grid points f of the scan-converted cutter within the material block do: 
Cutpoint(q+fz), with z = z(q) + z(f) the height value at q + f; 
for all path segments do: 

calculate the scan-converted cutting edge of the cutter; 
for all grid points r of the scan-converted path segment do: 
for all grid points s of the cutting edge placed at r and lying within the material block do: 
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Cutpoint(s+r,z), with z = z(s) + z(r) the height value at s + r; 
for the final grid point p of the path segment do: 
for all grid points f of the scan-converted cutter within the material block do: 
Cutpoint(p+fz), with z = z(p) + z(f) the height value at p + f; 

The developed algorithm and its implementation is specified in [8]. 

3..1 Calculation of the Cutting Edge of the Cutter 

The cutting edge of a cutter for a given path segment is the set of points on the surface of 
the cutter having a tangent parallel to the path segment. In order to decrease the simulation 
time, the reduction of cutting operations at each sampling point along the cutter path is 
achieved by using the cutting edge instead of the complete cutter surface. Figure 7 shows the 
cutting surface of a torus-end cutter for different directions. Let 1 be the length of a motion 
path in mm, d the resolution of the sampling grid in dots/mm and r the radius of the cutter in 
mm. The number of cutting operations (N), without optimization, can be calculated as 
follows: 

N(l,r,d) = 1 * d * (r * d)^ * 71 = 1 * r^ * 7T * df 

Figure 7 shows the cutting edge optimization for different directions when using a torus 
cutter. The number of cutting operations (Nee), when using the cutting edge, can be expressed 
as: 

Nce(l,r,d) <l*d*2*r*d*7i = l*2*r*7i*d^ 




Figure 7. Cutting Surface and Cutting Edge for a torus cutter 



Taking into account the main influence of d on the quality of the simulated surface and the 
simulation time, the simulation speed can be increased significantly by using the cutting edge. 
The points in figure 8 can be calculated as follows: 
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4. THE ADAPTIVE SIMULATION SYSTEM 

The conditions for the optimized feed-rate at each position on the NC-path is a user-given 
set of parameters [7]. These parameters are necessary for the analysis of the current 
engagement conditions and influence the feed-rates calculated by the simulation system. In 
the actual off-line simulation this set of parameters is fixed for one step in the milling process. 
The values for the parameters are set by experts. Figure 9 shows the simulation-based 
optimized process chain, going from the given NC-paths of a CAM-system to the milling pro- 
cess. 




Figure 8. Calculation of the cutting edge for a given path segment 

The milling simulation input is a file containing NC-paths and the information about the 
workpiece dimensions as described above. The output is a new file with optimized NC-paths 
which describe the same paths as the Input-file but with optimized feed-rates. The quality of 
the output depends on the simulation parameters chosen. The aim of the adaptive simulation 
system in figure 10 is to selflearn these parameters online during the milling process. 

The simulation time takes only 10-25% of the real milling process on a Pentium 133. This 
is the condition for an adaptive system which compares the recorded cutting-forces with the 
feed-rates calculated by the milling simulation. In the off-line optimization system of figure 9 
the complete NC-paths are simulated before the milling process is started. The adaptive 
simulation system starts to optimize just a small part of the complete NC-paths with an initial 
parameter set for the simulation (1). After a selected length of NC-paths is processed, the 
milling process starts with these optimized paths. Simulation (1) is synchronised to the 
milling process in order to keep a constant distance of optimized milling paths as a buffer. 
Simulation (1) and (2) operate in the same way, but simulation (2) always operates at the 
same position along the path covered by the moving milling machine as the real milling 
process does. This is necessary for this system, because the real cutting forces should be 
compared with the calculated cutting forces of the simulation in order to adapt the internal 
simulation parameters online. After a set time the system adapts the simulation parameters of 
simulation (1) and (2) based on the results of the comparison undertaken. With this new 
configuration a second iteration of simulation, milling and comparison starts on the next part 
of the NC-path. In order to keep the parameters constant until the end of the NC-file the 
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modification rate decreases from iteration to iteration. This is comparable to the idea of 
simulated annealing. 



CAD/CAM 



Milling simulotton 





optimlzadl 
NC- ] 
paths i 




Figure 9. Part of the simulation based optimized process chain 




Figure 10. Adaptive Simulation System 



Milling experiments in which typical geometries for the die- and mold-making industry are 
used show that the simulation is flexible enough to represent the real milling process closely 
enough. 

Current work in this field of adaptive simulation is to work out strategies which adapt 
optimal parameters online. These resulting parameters should fit the given tool and workpiece 
combination and make it possible to start with an optimal set of parameters for the next step 
in the milling process. 



155 






vwimoi/f teed-foie otJoptatlort 
&-..A A--B 





5 Is] 2:5 

Ttme 



roughmiJed 

contCKuf 




\ltnijin-mli0d 

contou 



A a 



Figure 11. Measured cutting forces while milling with and without feed-rate adjustment 



5. APPLICATION EXAMPLE 

In order to show the capability of the milling simulation and optimization of the feed-rate 
which have been developed, a part with a typical geometry has been milled. The first step in 
machining is the rough milling by an 8-mm-diameter ball-end cutter using pocket-milling 
cycles. The next step is the semi-finish milling using a 6-mm-diameter ball-end cutter. The 
paths for this machining stage are generated in a rectilinear shape. A problem often arising 
while semi-fmishing this part is the low process reliability, causing tool damages. While 
milling this part the cutting forces are recorded. As can be seen in figure 1 1, the volume in a 
narrow area of the part, i.e. an area that remains mostly unmachined by the 8 mm cutter, 
causes high tool loads that affect the 6 mm cutter (left). 

In order to show the differences between the optimized and non-optimized process the 
cutting forces were recorded. Figure 1 1 shows these forces. The results of feed-rate 
adjustment are relatively stable tool loads without high cutting-force peaks resulting in stable 
cutting conditions and a satisfactory process reliability. 
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Abstract: This paper presents a deformed swept volume analysis integrated with machining mechanics 

for NC machining simulation with consideration of cutter deflection. This analysis uses an 
extended Sweep Differential Equation approach to represent the swept volumes of flexible 
moving objects. A mechanics model for cutter-workpiece interaction is used to compute the 
cutter deflection in end milling. A software program has been developed in C++ to generate 
the cutter's deformed swept volume, which is subtracted from the workpiece to simulate the 
machining process and machined part. The simulation is shown useful to visualizing the 
machining process and checking machining surface errors. 

1. INTRODUCTION 

Representation of swept volume has important applications in the planning of machining 
process. Substantial efforts have been devoted to developing fast and accurate methods for 
representation of swept volumes; for example, Wang & Wang made an early attempt to model 
and compute the swept volumes by applying the envelope equation formulation^’^. Blackmore 
and Leu introduced the Sweep Differential Equation (SDE) method for the study of swept 
volumes^’'^’^ This method exploits the Lie group structure of the set of Euclidean motions, 
thereby enabling the swept volume modeling to be reformulated as the problem of solving 
differential equations in the global sense. For efficient computation, they developed the 
sweep-envelope differential equation algorithm to generate the set of points constituting the 
swept-volume boundary. The SDE method was applied to NC machining simulation without 
cutter deflection^. Blackmore and Leu also extended the SDE method to modeling of 
deformed swept volumes and described how to implement if’l 

This paper summarises the deformed swept volume analysis and its integration with 
machining mechanics for NC machining simulation with cutter deflection. By evaluating the 
linear and non-linear cutter deflections and including them in the swept volume representation, 
we create a more accurate NC verification program useful for simulating the material removal 
process and checking the machined part. A program is developed in C++ for the generation of 
deformed swept volume based on the SDE approach. An example is given to illustrate the 
application of this program for milling simulation with cutter deflection. 



2. RIGID AND DEFORMED SWEPT VOLUMES 

The object M under consideration is assumed to be closed with a boundary surface 
which is piecewise smooth. In practical terms, the object considered has a smooth boundary 
except for a finite number of edges and vertices. 

A sweep is a family of rigid motions. Mathematically, a smooth sweep cr in which R is the 

field of real numbers is a smooth mapping: 

(7 : [0,1] E(n) 



( 1 ) 




where E(n) is a Lie group of Euclidean motion such that cr at t=0, denoted by o-q, is the 
identity mapping. From this definition, if we let q represent a sweep in time t, it can be 
written as 

a,(xJ^x(t) = 4(t) + B(t)x, (2) 

where: md B:[0,l]—>SO(n) are smooth functions representing the translation and 

rotation of the sweep, respectively; Xg represents any point on the boundary of object Min R\ 
The set 

(7/ M ) = M ( t ) = { a^(x); X e M } (3) 

is called the t section of M under sweep a. The swept volume of M generated by cr is 

SJM) = { a,(M)\0<t<l } (4) 

Solving equation (2) for Xq and substituting it into the time derivative of equation (2), we can 
obtain the sweep vector field (SVF) 

X, = x(o = i(t) + (o(x - m) (5) 

We apply the boundary flow method (BFM) for the representation and calculation of 
swept volumes by partitioning the boundary of dM at each t into ingress, egress and grazing 
points. The set of ingress (egress) points of M(t), denoted by ^_M(t) (d+M(t)), consists of all 
points xedM(t) at which Xjx,t) points into (out of) the interior of M. Those points that are 
neither ingress nor egress points are called grazing points denoted by ^oM(t). Figure 1 
illustrates ingress, egress, and grazing points. 




Egress Point 



Grazing Point 

Figure 1. Object Boundary Partition. 

Mathematically, we can define them in the context of tangency function. The tangency 
function for a sweep of object Mis defined as 

T(x,t)=< XJ x,t), N( x,t)> (6) 

where <a,b> denotes the inner product of a, b m R", N (x,t ) is the unit outward normal 

vector on the smooth part of M at the point of concern. For the points on a smooth surface, 
they are defined as: 
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d_M( t) = Kj{T(x,t)<0,xeM,tG [0,1]} 
^+M( t) = Kj{T(x,t)>0,xeM ,te [0,1]} 
d,M(t J = u {T(x,t ) = 0,XGM,te [0,1 ]} 



( 7 ) 



Let the object Mand sweep crbe defined as above, the boundary of the swept volume is 
given by G( M )\W(M ), where G(M)^d_M(0)ud+M(l) u{doM(t):0<t<l} is the candidate 
boundary set which consists of the ingress points of object Mat t=0, egress points of Mat t^l, 
and all the grazing points between t=0 and t=l. W(M) denotes the trimming set consisting of 
points each of which belongs to the interior of some t section of M, and thus it does not 
belong to the portion of the swept- volume boundary. For the points not on a smooth surface, 
ingress, egress and grazing points can be also be defined by using the tangency function. 

The sweep differential equation and boundary flow method can be extended to include 
objects experiencing deflections or deformations. Although there are several special cases of 
deformation which can be more easily implemented in SDE, we examine the case of general 
deformation. Given a piecewise smooth object under general motion and deformation, a 
smooth sweep with general deformation can be written as 

o-,(y^o) = ^(0 = <^(t) + B(t)(x„ + D(\„,t)) ( 8 ) 

where Dixg]) denotes the deformation and D(Xo,0)=^P(Xq,0)=0 for all points on M. 

The above equation can be rewritten in a more concise form: 

cr,(x„) = x(t) = t) + B( t)\, + H(Xg,t) (9) 

where H(Xg,t ) = B(t )D(xQ,t ) • Differentiating equation (9) with respect to /, we can derive 
the Deformed Sweep Differential Equation (i.e. SDE with deformation) 

= x(t) = i(t) + i3(t)x„+^,H(x„,t) (10) 

The tangency function, which is used to identify the ingress, egress and grazing points, can 
be generated from the sweep of the initial outward normal vector Nq of the smooth part of the 
object M. It can be expressed as 

T{xJ)=<X^{x,t),N{x,t)> ( 11 ) 

A fairly straightforward method for calculating the outward normal vector field can be 
used. Given a surface in three-dimensional space which can be expressed by a parametric 
equation: 

x(u,v) 
x(u,v)= y(u,v) 
z(u,v) 

Let x{u, v) stand for the vector of any point on this surface, the outward normal vector 
of the surface at this point is 

( 12 ) 

du dv 

The tangency function, therefore, can be obtained from 
T(x,t)=<XJx,t),N(x,t)> (13) 

= X - y^z^J-\- X y(x^z^^ -x^^z^ + X Jx^^y^ -x^y^J 

where x „ , x ^ , y , y ^ , z^^ and stand for 

_dx{u,v) _dx{u,v) 

d u ’ ^ V 
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and X^,X^ and X^^'^P^^sent the X, y and Z components of fx^t). 

3 . MODELING OF CUTTING FORCE AND CUTTER 
DEFLECTION IN MILLING 

The milling process is widely used in industry for shaping mechanical components, such 
as face milling of the top surface of an engine block or peripheral milling of a flexible aircraft 
turbine impeller. Models of milling are required for analysis of machining and prediction of 
quality of the machined part. The process models can be used for cutting force and cutter 
deflection prediction, machining error checking, as well as for tool breakage and wear 
monitoring. 

Several milling force models have been proposed. Two basic ones are 

I. Average foree model^. 

II. Instantaneous distributed force modeP®’^^’^^’^^ 

The average force model eomputes the cutting force based on the material removal rate. 
This method does not give accurate force at every instant. The instantaneous distributed force 
model is applied here. In this model, the cutting force of the tool is the sum of infinitesimal 
forces along the various flutes. A basic equation of this model is 

=/ sin a (14) 

where is the instantaneous chip thickness, / is the feed (mm/tooth), and a is the angular 
position of the tooth in the cut, see Figure 2. By dividing the cutter along the axial depth of 
cut into disks, the chip area (AA) is assoeiated with each disk element, AA=Az The 
tangential and radial forees due to chip loads are, respectively, 

AFj=Kj(AA) = KjAzt^ (15) 

AF^ = 

where Kj and are the cutting coefficients which vary with feed rate and axial depth of cut. 




Figure 2. End Milling Force Model. 

Let the cutter location be specified by the angular position of the bottom of the first flute. 
The chip thickness of the /th axial segment of the k\h flute at the yth angular position of the 
cutter is 

t,(i,j,k) = f s.ma{i,j,k) (16) 
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where 



(17) 



/. . , \ iTrik - 7 ) In: j r/. „ ^ -itan y 

a{i,j,k)= ^ — + ]{i-0.5)Az\ — 

^ ^ ^ Mj. N^N,\ ^ ^ R 

where y is the helix angle, Js[1:NqI, Nj- and Nq are the numbers of flutes and angular 
increments, respectively. For the infinitesimal chip segments, the tangential and radial forces 
can be readily computed by substituting equation (16) into equation (15). The total force 
acting along x and y directions at the yth angular position of the cutter is 

A'x 

P'x( j) = YulL~ ( ij>k)sin a( i,j,k) +AFj. ( i,j,k)cos a( i,j,k) (18) 

i=i k=i 

F,(j) = AFj^(i,j,k)cos a( i,j,k )+ AF^( i,j,k )sin a( i,j,k ) 

/•=; k=i 

There are two types of tool deflections in milling. The first type is linear deflection due to 
the compliance of the chucking device and other machine components. The second is 
nonlinear deflection due to the compliance of the tool itself (similar to a cantilever beam). A 
complete model for tool deflection must take into consideration both types of deflection. 

As illustrated in Figure 3 a, the linear deflection at point with distance z from the tool tip 
can be calculated as: 

i, j) = R^* FJ j) -E^* M/j) *[L-(i- 0.5)Az] ( 19 ) 

Sy(i, j) = E,,*Fj,(j} + E^*MJj)*[L-(i-0. 5)Az] 

Where (j) and Fy( j ) the cutting forces in the x and y directions given by equation 
(18); Ef^ and^^ are translational and rotational compliance constants, respectively, which can 
be obtained experimentally; M^(j) and My(j) are the moments, related to the cutting forces as 

N,\N^ 

j,k) cos a{i,j,k)+AFj{i,j,k)sma{i,j,k) 

i = \\k = \ 

Fz r Ff 

^y(j)= Z J,k) sin a(i,j,k)-AFj,(i, j,k) COS a{i,j,k) • [L - (/ - 0.5)Az] 

/=1 k=l 





(a) Linear deflection (b) Nonlinear deflection 



Figure 3. Tool Deflection Model 
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For the prediction of nonlinear deflection, the end mill is simply modeled as a cantilever 
beam, as shown in Figure 3b. The non-linear deflection of the tool along the z-axis can be 
obtained as: 



/ = i 



X - (/, j, k) sin«(/, y, k) -f AFj. (/, y, k) cosa{i, j, k) 

k = \ 



^2 

S 

/ = / 



X - l^i^{i,j,k)sma{iJ,k)+lsFj.{i,j,k)Q,osa{iJ,k) 
k = \ 



/-I 

Sy{iJ)=\ I 
/ = 1 



X AFj^(i, j,k) COS a(i,j,k) +AFj,(i,j,k)sina(i,j,k) 
k = l 



^2 

I 

l = i 



X AFi^(i, j,k) cos a{i,j,k) +AFj-{i,j,k)sina{i,j,k) 
k = \ 



■ [(L - (i - 0.5)Az)\2L 4 - (/ - /)Az)]+ ^21) 

• [(L -{I- 0.5)Az)'(2L + (/ - 3/ + l)Az)] |/6£7 
■ [{L - (/■ - 0.5)Az)\2L + (/ - /)Az)] + 

[(L - (/ - 0.5)Az)\2L + (/ - 3/ + l)Az)] |/6£'/ 



After the linear deflection and nonlinear deflection are calculated, the total tool deflection 
at any point along the z-axis can be obtained as: 

j) = £, (i, j) + S, (/, j) ^ 22 ) 



With the cutter deflection taken into consideration, the actual machined surface is different 
from the ideal machined surface (without considering cutter deflection) as illustrated in Figure 
4. Since a milling process consists of multiple passes, the calculation of cutting force for a 
pass needs to consider the machined surface error of the previous pass. The difference in the 
calculated cutting force due to machining error can be significant, especially if the previous 
pass is a rough cut and the current pass is a finish cut. 





(a) Machined surface after one pass (b) Chip cross section geometry 
Figure 4. Cutting Force Prediction for Multipass Cut 



4. IMPLEMENTATION IN MACHINING SIMULATION 

A computer program in C++ for the generation of deformed cutter swept volume for end 
milling has been developed. The CL data in the simulation are obtained from a commercial 
CAD/CAM system (e.g. Pro/Engineer). These data are used to generate the tool motion 
equations by linearly interpolating the movements of individual cutter axes. The CL data 
representing tool tip position and tool orientation are expressed by (x^, y^,z^, where 

stands for the cutter tip position and stands for the cutter orientation. 

The position of a point on the cutter during machining can be express as: 
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(24) 



y(t) = yjt) +B- yo 

^z(t)) [zjt)) [z„^ 
where (jc^, is a vector representing the initial tool tip position, and B is the rotational 
transform matrix which relates to the roll (?]) and pitch (Q angles as follows 
^ cos Tj - sin ^ • sin rj cos f • sin rj 

B= 0 cos^ -sin^ 

sin rj sinf • cos rj cos^ • cos rj 

where 




Tj = tan~'(iJt)/k/t)) 

Thus, given one block of CL data: 

(xJO). yjO), z/0). i/0), jjO), kjO)) (xM). yJD. hO). JMh K(W^ 
the CL data the initial and final locations can be 

calculated using linear interpolation. Substituting the obtained (ijt), jjt), kjt)) into equation 

(26) and then (25), we obtain the rotation transform matrix. Together with the translation 
vector (xjt),yjt),zjt)), the sweep differential equation is completely defined for the 

block of cutter motion. 

The C++ program for the generation of deformed cutter swept volume has been integrated 
with the Pro/Engineer as follows. Pro/Engineer is used for the part design. The generated CL 
data from the Pro/Manufacturing are read as the input to the C++ program. The boundary of 
the deformed cutter swept volume in the previous pass is used to calculate the cutting force 
and cutter deflection for the current pass. The results are used to generate the deformed cutter 
swept volume for current pass. The boundary of the deformed swept volume is input to 
Pro/Engineer for visualization. The cutter swept volume is subtracted from the workpiece for 
material removal simulation. 



5. ILLUSTRATIVE EXAMPLE 

An example is given in this section to illustrate the described SDE approach for the 
deformed swept volume representation and its application to NC simulation. This example 
involves the milling of a groove on a tube clamp part. The clamp part with the groove 
generated on the Pro/E is shown in Figure 5a. Since the front face of the clamp is a freeform 
surface and a constant distance is required between the groove and this surface, the groove 
needs to be machined by a five-axis machine. The top protrusion of the clamp part demands 
the use of a long tool to machine the groove. The CL data are generated using 
Pro/Manufacturing. Figure 5b shows the workpiece before machining. Figures 5c and 5d 
show the workpiece during and after machining as simulated with Pro/Manufacturing. Cutter 
deflection is not included in these simulations because the commercial CAD/CAM package 
does not consider machining mechanics. 

Figure 5e shows the undeformed cutter swept volume generated by our simulation 
program together with the workpiece. Figure 5f shows the workpiece after the material 
removal, obtained by substracting the undeformed cutter swept volume from the workpiece. It 
demonstrates that our simulation result is the same as that of the Pro/Manufacturing, i.e. 
Figure 5d, if we do not consider cutter deflection. 
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Figure 5g shows the deformed cutter swept volume together with the workpiece generated 
by our program. Figure 5h shows the workpiece after the material removal, by subtracting the 
deformed cutter swept volume from the workpiece. It shows the machined part without the 
groove generated as desired because the tool deflection exceeds the distance between the 
groove and the freeform front face in the designed part. The areas of the machined surface 
which have errors exceeding tolerances can be indicated by colors. 




(g) (h) 

Figure 5. Simulation Example 



6. CONCLUSION 

The implementation of the Deformed Sweep Differential Equation for NC machining 
simulation has been described. Linear and nonlinear cutter deflections in end milling are 
evaluated with cutting force modeling and cutter deflection analysis. A computer program 
written in C++ is developed to represent the deformed cutter swept volume. Integration of this 
program with the Pro/Engineer software enables the simulation of a machining process 
considering cutter deflection, with the CL data generated by the Pro/Manufacturing for a 
designed part. The applicability of the described method to simulation of industrial NC 
machining is demonstrated with a practical example. 
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Abstract: After a general overview on reverse engineering, various techniques to segment point clouds, 

which represent ‘regular’ or ‘free-form’ objects are described. More details are given on the 
so-called functional decomposition approach, which is based on the logical separation of 
primary surfaces and feature elements. 

1. REVERSE ENGINEERING 

Reverse engineering of geometric shapes is a rapidly evolving discipline [11], [14]. While 
conventional engineering transforms engineering concepts and models into real parts, in 
reverse engineering real parts are transformed into engineering models and concepts. Reverse 
engineering typically starts with measuring an existing object so that a computer 
representation of a surface or solid can be deduced in order to exploit the advantages of 
CAD/CAM technologies, including the modification of previous designs, analysis, inspection, 
NC manufacturing and so on. 

There are several application areas of reverse engineering. It is often necessary to produce 
a copy of a part, when no original drawings or documentation are available. In other cases we 
may want to re-engineer an existing part in order to construct a new improved product. 
Computer models based on real-scale wood or clay models are needed in areas where 
aesthetic design is particularly important such as in the automobile industry. Another 
important area is to generate custom fits to surfaces of the human body, for mating parts such 
as helmets, space suits or prostheses. 

The ultimate goal of reverse engineering systems is to realise an intelligent 3D scanner. 
This means that based on discrete point clouds such CAD models need to be generated, which 
represent the original parts not only in “some” approximate way, but clearly reflect the 
underlying structure of these objects. In spite of encouraging partial results, to create a 
complete, consistent and high quality CAD model in a fully automatic manner is still a 
difficult and complex task with several unsolved subproblems. 

The process of reverse engineering can be divided into four phases [14]. After data 
acquisition, pre-processing of the data set is required for filtering noise, establishing 
connectivity between adjacent points, reducing redundancy and merging point clouds taken 
from multiple views. In the third phase the point clouds are segmented and surfaces are fitted 
to approximate these separated subsets. The process is concluded by the actual geometric 
model creation, i.e. integrating the individual surface components into a consistent boundary 
representation model. 

This presentation mainly deals with segmentation, which is tightly coupled with surface 
fitting. After reviewing various approaches, particular solutions are discussed in details. 



Objects are characterized according to the type of their bounding surfaces. For regular objects, 
most of the segmenting process can be performed in an automatic way, if certain assumptions 
are satisfied. For free-form shapes interactive assistance is generally recommended for high 
quality results. The basic principles of the so-called functional decomposition method will be 
presented in more details emphasizing two important aspects: using ignore areas and 
constrained surface fitting of free-form features. 

2. A HIERARCHY OF BOUNDING SURFACE ELEMENTS 

Having a priori information about the type of the bounding surfaces of the object is 
crucial, since different segmentation methods and surface fitting algorithms need to be applied 
in different situations. This is why it is important to characterize the given objects from a 
geometric point of view. 

Typically objects are bounded by relatively large primary surfaces. The primary surfaces 
are often connected by smooth transition surfaces, such as blends or free-form steps. Other 
types of feature elements, such as free-form slots or pockets, also often occur. These feature 
elements are well-defined from functional or geometric point of view and can be 
characterized by a few parameters and their relationship to the involved primary surfaces. A 
possible classification of features is given in [6]; on the recovery of edge blends and free-form 
features see [5] and [10], respectively. 

Returning to the hierarchy of primary surfaces, we restrict our interest to surface types 
which are used as standard representations in the majority of CAD/CAM systems. We start 
with simple surfaces, which have both implicit and parametric representations and conclude 
with more general piecewise parametric surface representations. Simple surfaces - planes, 
natural quadrics and tori - are the most preferred in mechanical engineering practice. They 
have a representation in terms of a few geometrieally meaningful parameters which makes 
segmentation and surface fitting relatively easy. 

Considering more general free-form surface elements, it is worth considering first 
translational and rotational sweeps, characterized by some profile curve and a sweeping 
direction or an axis of rotation, respectively. This classification can be extended to more 
general sweeps. Our most general surface class is that of composite free-form surfaces where 
no geometric or topological regularity can be recognized. Such a composite surface may be a 
collection of patches or possibly trimmed patches where internal smoothness is maintained 
across the boundaries. 

The above classification will help to formalize our basic assumptions to segment various 
objects. 



3. SEGMENTATION AND SURFACE FITTING 

In this section we identify the problems of segmentation in general, see also [1] and [13]. 
The tasks to be solved at this stage of reconstruction are 

(i) to logically divide the original point set into subsets, one for each constituting surface, 
so that each subset contains just those points sampled from the particular surface, 

(ii) to decide to what type of surface each subset of points belongs (e.g. planar, cylindrical, 
rotational, free-form), 

(iii) and to find that surface of the given type, which is the best fit to those points in the 
given subset. 

It should be clearly noted that in practice these tasks cannot be carried out in the 
sequential order given above, since to decide whether certain points belong to a given subset 
requires some measure of how well they match the underlying surface the points may 
represent. At each phase of the segmentation process there is always a given hypothesis 
according to which a best fit surface is constructed, this is why segmentation and surface 
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fitting can hardly be separated. Typically backtracking, iterative, or probabilistic methods 
need to be used to finally converge to a consistent answer. 

A standard approach coming from Computer Vision is region growing - see for example 
Leonardis et al [7] and Sapidis et al [12]. First, certain seed points are selected and based on 
estimated differential geometry quantities local surface approximations are made around them. 
These local surfaces are fattened until further consistent data points can be found in the 
surroundings and finally regions obtained are united to get larger surface portions. 

4. SEGMENTING REGULAR OBJECTS 

Let us define the class of regular objects as objects bounded exclusively by primitive 
surface types of planes, spheres, cylinders, cones and tori. Let us also assume that the width of 
the connecting blending surfaces is relatively small. Due to the given finite number of surface 
types which all have canonical representation, segmenting this sort of objects without user 
interaction seems possible. 

Region growing is often applied to segmenting regular objects. Most approaches are 
based on z = f(x,y) type surfaces or computing algebraic distances of implicit equations. This 
may result in unsatisfactory surface approximations. An improved solution using quasi- 
geometric distances was recently suggested by Lukacs et al [9]. 

As an alternative, here we propose a non-iterative procedure called direct segmentation 
[15], which is based on combining traditional algorithms with new ones. We assume that for 
each data point a good normal vector can be estimated based on the surrounding points. 
Methods for separating regions by planarity filtering, identifying clusters and circles on the 
Gaussian sphere and applying special filters, which separate point sets according to their 
dimensionality are discussed in details in [15]. Special emphasis is put on recognizing 
translational and rotational sweeps. Pottmann and Randrup [9] recently suggested a technique 
to find rotational axes. Using normal vector estimates as well, this method perfectly fits to the 
direct segmentation concept; thus it is possible to detect tori and more general rotational 
sweeps by contours composed of line segments and circular arcs. 

5. SEGMENTATION STRATEGIES FOR FREE-FORM SHAPES 

Let us assume that we have a composite free-form object, which is smooth everywhere 
internally and bounded by edge loops. These edges may be partly or entirely the boundaries of 
some underlying patches or they may also be trimming curves cutting across the patch 
structure. Such trimming curves may have been determined by higher level operations such as 
intersections. Boolean operations or blending. For example, we may want to reconstruct just a 
large, single shape with high geometric complexity or we may wish to deal with a composite 
free-form surface, which has already been separated from the rest of a solid object. 

The most widely used parametric surfaces, such as Bezier patches and NURBS surfaces, 
map a rectangular parametric domain into 3D, resulting in surface patches with four boundary 
curves, but many complex free-form shapes cannot be represented by a single surface. A 
composition of several surface pieces is required while maintaining appropriate continuity 
between the constituent elements. The key issue here is how to do this additional free-form 
segmentation, i.e. how to find appropriate internal boundaries, which delineate such local 
regions, and which are representable by single surface patches. 

Four different approaches for free-form segmentation have been identified in [14]: 

(i) global approximating surfaces 

(ii) arbitrary topology surfaces based on decimated triangular meshes 

(iii) curve network based surfaces 

(iv) functionally decomposed surfaces 
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In the first two approaches the surfaces are created practically without user interaction, 
and no attempt is made to somehow recognize the underlying design structure. This may have 
the consequence that the generated surfaces will not meet the high quality requirements, 
which are needed for objects, such as car bodies. The third or fourth approaches are based on 
some sort of user assistance, and it is evident that in this way much better surface qualities can 
be assured. While curve network based segmentation seems to be the most widely applied 
approach in the current industrial practice, functional decomposition methods gain more and 
more attention. Instead of explicitly drawing a curve network over the point cloud, a high- 
level, abstract description of the object and a rough control network drives the reconstruction 
procedure, as explained in the next section. 

6. FUNCTIONAL DECOMPOSITION AND FEATURE FITTING 

The curve network based method has several deficiencies. First of all, it is very hard to 
define an accurate curve network over the point cloud, particularly to determine the exact 
position of smooth edges. Minor mistakes here may lead to the inclusion of wrong points, 
which may create problems at surface fitting. An example is to locate the trimlines of a blend: 
to find the right boundaries is almost impossible. Another problem is that the curve network 
approach may create artificial boundaries between regions, which otherwise would belong 
together; thus a global fairing of the functionally common regions can hardly be performed. 
To enforce a rectangular topology to a shape with irregular topology is also not an obvious 
issue. 

The functional decomposition method overcomes most of the difficulties mentioned 
above. Here we also use a curve network for supporting segmentation, but with a 
fundamentally different role than before. It is assumed, that the user has a functional 
understanding of the shape involved, and there exists an abstract model, where the hierarchy 
of the primary surfaces and the dependent features are clearly identified. Here the curve 
network is used to define not the exact subdividing boundaries, rather to roughly and safely 
identify regions of points, which belong to one particular surface from geometric or functional 
points of view. These surfaces can later be extended, intersected and smoothed as one would 
perform these operations in a “non-reverse” CAD environment. Where the positioning of 
internal boundaries is critical, it will be performed by the fitting algorithms, in a way, that the 
original topological structure suggested by the user is kept. There is no need to define 
rectangular surface elements, however, the desired four-sided frame of the patches are advised 
to be defined. The functional decomposition method creates all primary surfaces in complete, 
extendable form, which have served or may have served for defining the object. The 
dependent feature elements are generated as being constrained to join the neighbouring 
primary surfaces smoothly. 

The above concept is better explained by an example. In Figure 1/a a car body panel is 
shown. We deal with a subpart of the object. SI is a primary surface bounded by the PO-Pl- 
P8-P10-P0 loop. It can be seen that in the middle there is a special feature element; the points 
belonging to it will be excluded when we fit the large primary surface for SI. This is the so- 
called ignore area, which needs to be supplemented to the boundary information, when the 
surface SI is fitted. In this way the original surface can be reconstructed with the best possible 
quality, and later the feature with elements of high curvature can be added. Another 5-sided 
free-form face is defined by the loop P2-P4-P5-P7-P2. This loop is to define roughly the 
internal trimming, while the loop P2-P3-P5-P6-P2 is to identify roughly the frame orientation 
of the initial surface, which is used to approximate the points within the internal loop. The 
bottom primary surface is denoted by S2. Note, the main role of the control network was to 
roughly bound the point regions, which belong to the individual surface components. 
Assuming that the surface representations for S 1 and S2 have already been created, now it is 
possible to reconstruct a free-form step feature (ST), which is clearly dependent on S 1 and S2. 
Figure 1/b shows the logical structure of the regions created. Figure 1/c shows the final model, 
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which is a collection of trimmed NURBS patches: rendering shows the colours by the mean 
curvature. Finally, Figure 1/d shows not only the trimmed patches, but also the control nets of 
the constituting surface elements without trimming. 

Note: the accuracy of the approximation is less than 0.1mm. 






Figure 1 : (a) curve network , (b) regions, (c) trimmed patches, (d) untrimmed patches 




Figure 2\ (a) global surface approximation, (b) applying functional decomposition 

Finally, we briefly present the concept of feature fitting. As was indicated before, it is 
possible to produce high quality results, if instead of applying general surface fitting 
algorithms, special algorithms are used, which in accordance with the characterization of the 
feature applies special constraints in the surface fitting procedure. Constraints include the 
smoothness conditions to neighbouring primary surfaces and a priori knowledge about the 
feature type. For example, a variable radius rolling ball blend will be characterized by a fair 
spine curve, or a free-form step feature will be defined as sweeping a profile made up of two 
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varying circular arcs and a varying straight segment between them. These constraints help to 
reconstruct the features exactly in the way as they are defined. Although, one obvious 
disadvantage is that for each abstract feature type a special fitting algorithm needs to be 
developed. More details on feature fitting can be found in [10]. As an example, a step feature 
is shown in Figure 2. Taking the given point cloud and fitting a single surface globally would 
lead to a surface, whose mean curvature map is shown in Figure 2/a. This indicates problems 
of approximating with large spline surfaces with relatively small, highly curved areas in the 
interior. By means of the functional decomposition method, using the two related primary 
surfaces, a much better surface representation can be obtained, as shown in Figure 2/b. 

7. CONCLUSION 

Segmentation and surface fitting are crucial elements in reverse engineering geometric 
shapes. Various approaches to segment regular and free-form objects have been reviewed. 
Finally, a new paradigm of applying functional decomposition for free-form shapes has been 
presented. This is a special region driven approach, where surface fitting with ignore areas 
and techniques to reproduce special feature elements are applied. 
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Abstract: Surface reconstruction from point clouds is an important element of reverse engineering as 

used to create solid models of existing objects. The research presented in this paper assumes 
no knowledge of relationships among the elements of the point cloud. The approach to 
initial mesh creation is based on extraction of points, called “feature points”, from the cloud 
based on geometric relationships with nearby points. A neighborhood is established for 
each data point, the points in the neighborhood are ordered, and feature points are identified 
based on relationships among the neighbors. Feature points within a neighborhood are 
linked to construct a polygonal mesh that is then triangulated. 



1. INTRODUCTION 

Solid models of surfaces are desired for many purposes including input of existing 
physical parts to CAD/CAM systems for modification, automatic creation of machine tool 
paths, error inspection, and input to finite element systems. If such models do not exist, they 
may be created from point clouds sampled from the surface by technologies such as laser 
scanners. 

The creation of a model from a point cloud typically begins with the reconstruction of the 
surface in the form of a piecewise linear mesh surface. Although some situations allow the 
use of known properties of the data, the abstract problem was first stated by Hoppe, et al^ 
Their formulation views the problem as the process of converting an input set of 3D points, 
sampled from or near a surface, into a polygonal mesh. 

One general approach to the problem creates a dense initial mesh that is simplified by one 
of several techniques including application of an energy function that measures deviation 
from the original (constructed) mesh^. Another technique^ uses bounded approximation to 
construct a surface mesh with each vertex within a prescribed distance from a vertex in the 
original mesh. The new mesh is constructed by merging faces of the original mesh. Another 
technique"^ merges faces by triangle decimation (iterative removal of vertices). 

Other approaches begin with an initial mesh and extract a surface representation directly 
from the mesh. The work of Hoppe’s group^ for example, creates a mesh of all data points 
and extracts a surface from the mesh by contour tracing a signed distance function to 
approximate tangent planes. The vertices of the resulting triangulation are not necessarily 
part of the original data set, but may be created points. This triangulation, however, requires 
simplification as presented in following work by the same group where the mesh is optimized^ 
and a piecewise smooth (tangent plane continuous) surface is constructed by subdivision from 
the optimized triangular mesh^. 

An alternate approach^ is to construct a three-dimensional Delaunay triangulation of 
volume elements, smooth the surface triangulation, and compute smooth Bemstien-Bezier 
patches to approximate the triangulated surface. A very recent approach^ constructs an output 
mesh that interpolates, rather than approximates, the input points by use of 3D Voronoi 
diagrams. This technique functions best when it is possible to control the sampling density 
over the surface. 




2. FEATURE POINT BASED RECONSTRUCTION 



The focus of this work is to prepare an initial mesh that is smaller than a dense initial 
mesh, but is an accurate representation of the surface and at least comparable to reduced 
meshes produced by other techniques. The mesh that is created can be a representation of the 
surface or the starting point for a mesh optimization or surface fitting algorithm. One of the 
characteristics that differentiates the feature point approach is that it is based on the 
identification of points in the original data set that represent the surface topology and shape. 
Therefore, all the points in the resulting mesh are from the original data set and the surface, at 
this point in the process, approximates the surface as a well-chosen subset. 

Conceptually, the approach attempts to identify “feature curves” that are natural edges of 
the surface. These curves are constructed by connecting feature points. The feature points are 
selected by a point-driven algorithm without previous mesh construction. The algorithm 
consists of pre-processing, feature point extraction, and mesh generation. 



3. ALGORITHM 

The first step is pre-processing where the data is input, organized, and partially analyzed 
to prepare for the remaining operations. Pre-processing includes data input, sorting, 
determination of a neighborhood for each point, and computation of an approximate normal 
vector to the surface at each point. The second step is extracting feature points from the data. 
This process is accomplished by detecting areas where there is an obvious edge based on the 
distribution of points in the neighborhood or areas where there is significant variation in 
approximate surface normals within the neighborhood. The final step of mesh generation 
consists of extraction of additional points as needed, generation of edges, generation of 
polygons from the edges, and triangulation of the polygons. 

3.1 Neighborhoods 

Since extraction of feature points from a data set is based on examination of the local 
variation of the surface in the vicinity of the point, a neighborhood is established for each 
point. A neighborhood of a point consists of data points from the original data set which are 
“near” the given point. 

An ideal definition of neighborhood for the purpose of feature point extraction would be 
that a neighborhood includes only those data points that describe the surface at the given point 
but includes all points necessary for measurement of the variation of the surface around the 
given point. 

Due to the above considerations and the potentially varying density of data points, a 
neighborhood is chosen for each point that includes all points within a given distance of the 
point in combination with a limit on the maximum number of points in a neighborhood. 

3.2 Normal Vectors 

Normal vectors are defined in a statistical sense for each data point based on the points in 
its neighborhood. The method used to find the normal vector is similar to that used by other 
surface reconstruction algorithms that make use of the tangent plane as an approximation to 
the surface in the neighborhood. The normal is calculated by applying principle component 
analysis on the covariance matrix of the neighbor points around the point being investigated. 
The normal vector is used to establish a tangent plane, but this plane is used only for sorting 
neighboring points rather than surface approximation. 

Some surface reconstruction techniques^ replace the data point with the centroid of the 
neighborhood and have the additional requirement that the surface normals for all 
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neighborhoods must be consistently oriented in that they all point “out”. This problem has 
been shown to be NP-completel The feature point technique uses the normal and tangent 
plane only for sorting and, thus, does not require a globally consistent orientation. 

3.3 Feature Point Extraction 

Feature points are extracted from the data set based on variation among the points in a 
neighborhood. Therefore, neighboring points must be compared with each other. There are 
two types of comparisons used, both of which compare “adjacent” points. Therefore, the 
concept of adjacent points in a 3D neighborhood must be defined. The approach used is to 
project the points to the tangent plane for the neighborhood where the tangent plane is defined 
to be perpendicular to the normal vector. The projected points are then sorted by angle in the 
plane so adjacency relationships can be determined. Figure 1 illustrates this process. 

There are three basic types of feature points and three corresponding extraction 
mechanisms. 

Boundary feature points are data points that are selected because analysis of the points in 
the neighborhood indicate that there is a boundary, or natural edge, of the surface near the 
point. 

Variation feature points are selected by a mechanism that indicates that the surface 
changes shape near the point. The extraction is based on the amount of variation of 
approximate surface normals around the data point. 

Finally, there may be regions of a surface where no "interesting" shape transitions occur. 
The surface is smooth and uniform, but not flat. For such surfaces, it is common that no 
boundary or variation feature points would be extracted. Some points need to be selected 
from this surface so that the region is not represented as a flat region bounded by boundary 
and variation feature points. Such points are labeled complementary feature points. 




(d) (e) 



Figure I. Data points and projection (a) data points, (b) neighborhood, (c) projection plane, 
(d) points projected to plane, (e) projected points 

3.4 Boundary Feature Points 

Boundary points are feature points that are identified, or extracted, from the original data 
set, based on the property that points in its neighborhood indicate that an edge of the actual 
surface is present in the neighborhood. Furthermore, the identified point is, itself, a part of 
this edge. 
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Such points are identified based on the spatial distribution of projected neighbor points. It 
is assumed that if a natural edge exists that passes through the data point, then there will be 
points in the neighborhood that lie along the natural edge. If there is a line formed in the 
projection plane, that line is assumed to indicate the presence of an edge of the surface. Line 
in this context means two adjacent neighbor points which when connected through the 
prospective feature point form an approximately straight line. Thus, if there are adjacent 
points in the neighborhood which have an angle between them greater than a given value, 
typically 160°, then the point is labeled a feature point. Figure 2 illustrates a boundary feature 
point determination. 

3.5 Variation Feature Points 

Variation feature points are extracted based on variation in surface normals within a 
neighborhood around a point. However, the normals calculated for each point are not used. 
Rather, a series of triangles are formed by using the central point as one vertex of each 
triangle and using two adjacent neighbor points as the other vertices for a given triangle. The 
surface normal for each triangle is calculated with the cross product of the vectors from the 
central point to the two adjacent neighbors. Note that the 3D neighbor points are used as the 
projected points all lie in the same plane. Figure 3 illustrates this process by displaying the 
normal vectors for the triangles in a neighborhood. 

If there is sufficient variation between normals for adjacent triangles, the central point is 
labeled a variation feature point. While this technique will identify some points that would 
have been previously extracted as boundary feature points, boundary points from a flat or 
nearly flat surface would not be detected with the variation approach. 




Figure 2. Testing for boundary feature point Figure 3. Testing for variation feature point 

3.6 Complementary Feature Points 

Regions of a surface where no boundary or variation feature points exist may be flat and 
could be represented by large triangles in a mesh. However, since there is no prior knowledge 
of the surface, it is not known if the surface is flat or is smoothly curved such that no variation 
feature points are detected. An example of such a surface is the side of a cylinder. 

A point is labeled a complementary feature point if it is not a feature point and there are 
no feature points in its neighborhood. 

It is also important that all feature points have at least two feature points in their 
neighborhood so that the mesh generated by connecting feature points forms closed polygons. 
If a feature point does not have at least two feature point neighbors, additional points must be 
identified. These added points can also be viewed as complementary feature points. 

3.7 Mesh Generation 

The mesh is created from edges formed by connecting feature points. A feature point 
should be connected to all feature points in its neighborhood. It is not necessary that all 
feature points in a common neighborhood are connected to each other. Indeed, if all such 
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edges are formed, there will be intersecting edges. Before the edge data structure is built, 
intersecting edges are disallowed by removing feature points from neighborhoods that cause 
intersecting edges. Additional complementary points may need to be labeled so that closed 
polygons are formed. 

Edges are generated by connecting each feature point to all feature points remaining in its 
neighborhood. The edges are traversed in each direction to verify that closed polygons are 
formed and the polygons are triangulated to form a triangular mesh. 

As polygon edge E is traversed from point P to point Q, the next edge of the polygon is 
the next edge counterclockwise in order around point Q. However, if the normals for the 
neighborhoods are not consistent, the definition of clockwise varies between the 
neighborhoods. Therefore, the dot product of the normal vectors is used to determine if the 
next edge should be chosen in a clockwise direction. If so, this direction is maintained in the 
traversal of the given polygon until another such transition occurs. 



4. RESULTS 



While further investigation is needed to better understand the role of various parameters 
of the algorithm and locally adaptive approaches should be investigated for neighborhood 
determination, encouraging results have been obtained with the technique. 





Figure 4. Distributor cap data set 



Figure 5. Boundary feature points 




Figure 6. Variation and boundary feature points Figure 7. Complementary, variation, 

and boundary feature points 
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The following figures illustrate the results of the algorithm on a distributor cap data set 
found in Hoppe’s work^ Figure 4 is the data set consisting of 12,745 points. Figures 5-8 
illustrate the feature point extraction process with Figure 5 displaying 594 boundary feature 
points, Figure 6 displaying 3,675 feature points after the extraction of variation feature points. 
Figure 7 displaying 4,101 feature points including complementary points, and Figure 8 
displaying the final feature point set after edge extension consisting of 4,347 points. 

Figure 9 is the final tri angulation that contains 12,635 edges. 





Figure 8. Final feature point set 



Figure 9. Triangulation of feature points 
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Abstract: This paper presents a reverse engineering technique for modelling objects digitized by a 

cloud of three-dimensional (3-D) data points. A 3-D machine vision system, integrated with 
a computer numerically controlled (CNC) machine tool, and the associated software for 
generating a surface-triangle set (STS) is described. Generation of the STS model is 
accomplished utilizing a data independent, angle-optimal triangulation of the cloud data. 
The STS model is capable of modelling the cloud data sets to within the tolerance 
determined by the digitization density. A technique for producing a CNC tool path from the 
STS model is also presented. 



1. INTRODUCTION 

The process of capturing object form through surface digitization and generating a CAD 
model, of the object, is termed reverse engineering. In the context of general manufacturing 
methods, reverse engineering is an important process for instances where a product initially 
exists as a designer's model in a medium, such as styling foam or modelling clay. The 
model's surface form must be digitised and the data transformed to a representation 
compatible with CNC machining or CAD software. The digitisation process can be achieved 
by a co-ordinate measuring machine (CMM) or computer vision system. Compared to CMM 
touch probes, 3-D vision systems have the advantages of high data collection speed and non- 
contact measurement. The primary limitations are the trade-off between the sensor’s 
accuracy and depth of field and that the sensor data is un-structured and requires extensive 
initial processing to construct smooth and accurate surface models. The remainder of the 
paper describes a new approach to handling a frequent requirement in die-cavity machining; 
the manufacture of die and mold tooling from a physical, three-dimensional part model in an 
efficient manner. The geometrical model produced by the process described here can be 
utilised for generating CNC machine tool paths. 

2. MODELING 3-D DIGITIZED DATA 

A method for meshing a set of 3-D cloud data points, X = {x ,...,x } c on an 

1 n 

unknown surface, U, was proposed by Hoppe 1. A surface normal vector is calculated at 
every data point from a local approximating plane derived from neighboring points. A 
uniform and regular 3-D grid of data is generated from the normal vectors and data points. A 
triangular mesh is created by connecting the points in adjacent rows and columns present in 
the regularized grid. The method is limited by the requirement that the input data points x 

must be uniformly and densely distributed across the given surface, U. The method is also 
computationally intensive due to the large number of calculations performed for each point. 
The method cannot be used for sparse or irregularly distributed cloud data due to errors 
induced by interpolating between sparse data. This will result in erroneous data points that do 
not accurately model the surface. Other researchers have developed 3-D cloud data meshing 




algorithms, Milroy2 and Turk and LevoyS, however, they capitalize on connectivity 
information inherent in the 3-D data generated by a specific machine vision system. 




Figure 1. Range sensor mounted on the CNC machine tool. 



3. THREE DIMENSIONAL VISION SYSTEM 

The reverse engineering system consists of a Moire interferometer range sensor head 
mounted on a 5-axis CNC milling machine, as shown in the photograph of Figure 1. The 
milling machine collet mount includes two stepper motors, that rotates the sensor head in two 
rotational degrees of freedom. Overall, control is provided by a PC-based programmable 
motion control (PMC) board. The system can position the sensor head, around an object 
placed on the machine tool deck, within a total work volume of 75 cm x 50 cm x 24 cm. The 
sensor positioning system is utilized in ensuring that the minimum number of images is taken 
for complete object coverage and each range image is sequentially added to the overall 3-D 
data file. Further details of the machine vision system can be found in reference 4. 

The CNC machine provides x, y, and z motion through its closed loop positioning system. 
The PMC card also controls the 8 oz-in and 12 oz-in stepper motors, located on the sensor 
mount, as shown in Figure 1. Supervisory control software was developed and implemented 
on the PC to perform the following functions: 

• Integration of the cloud data, generated by the sensor in each viewing location, with the 
absolute position obtained from the 3 CNC machine tool motor encoders and the 2 
rotational stepper motors on the sensor head mount. The control software was written in 
the PMC language and generates a cloud data file in one unified global reference frame. 

• Providing a user interface for the sensor, location feedback and data file organization. 
Digitized data from an object can be displayed in a number of formats including 
orthographic and isometric views. 

• Providing motor control through the user interface. Position commands are passed to the 
custom motor control program that calculates the number of motor shaft turns, for each 
axis, to correctly position the sensor at the desired 3D spatial co-ordinate. 



4. CLOUD DATA MESHING ALGORITHM 

The digitized data, D = {dj,...,dj^}, is a set of 3D coordinates of points, dj = {xj, yj, z-} e R^, 
on the surface of the object, S^. The data set D forms the sampled representation of S^, it can 
be from any 3-D digitizing device and is not restricted with respect to object shape. The 
triangular mesh M^ is constructed from D by first reducing the size of D, growing triangular 
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mesh patches over the reduced data set, and optimising the mesh to best represent the object’s 
shape. 

a) Initial Mesh Generation. The objective of mesh generation is to cover the reduced 
point set, R, with an initial surface mesh of triangular facets, Mj. A triangular mesh surface is 
comprised of one, or several, mesh patches, Pj, and each patch is grown over R from a starting 
seed point, r^eR. Any point can be selected as the seed and the first patch, pj, grows expands 
until all points in R are meshed. Complex objects require each distinct region, on the object, 
to be individually meshed and all patches subsequently join to form a continuous surface, Mj. 
To illustrate, a multiple patch mesh is shown in Figure 2. 

The meshing process, illustrated in the flowchart of Figure 3, is initiated with the selection 
of a seed point, r^, and all remaining points R form the initial set of valid points for 
triangulation. The set R is sorted in increasing Euclidean distance from r^ forming the sorted 
subset Rg = {rgj,...,rg„} c R. The seed point r^ becomes r^j, the next nearest point becomes r ^2 ’ 
and so on. Data from previously meshed patches are removed from R and only the boundary 
points of existing patches remain. 

b) Mesh Optimisation. A triangular mesh surface patch must be optimized to further 
improve the object representation. The optimized mesh, M^, contains the same vertices and 
the same number of triangles as the initial mesh, M^. Edges are spatially relocated to either 
increase the mesh smoothness or enhance object edges present in the mesh. The optimization 
algorithm iteratively examines every edge in the mesh surface, and applies an appropriate 
criterion for ensuring mesh improvement. Each non-boundary edge is shared by two triangles, 
which together form a quadrilateral, having the target edge as a diagonal. If the quadrilateral 
is convex, the target edge can be swapped to the opposite diagonal, to create two different 
triangles, between the same four vertices, as shown in Figure 4. The two optimization criteria 
are: 

1) Mesh smoothness. Edge locations that maximizes the smallest interior angle for the two 
triangles and results in a mesh containing approximately equilateral triangles. 




Figure 2. Six contiguous surface mesh patches defining an objeet. 

2) Mesh edge enhancement. Mesh edges are aligned with the edges in the object surface to 
enhanee sharp features. Neighboring triangles are examined and the final orientation of the 
target edge is the one which minimizes the variation in surface normals between the 
quadrilateral and the neighboring triangles. 

For either criterion, the set of edges, E, is examined on each iteration of the algorithm 
until no further edge movement is evident. The best results have been obtained by applying 
the criteria sequentially; the initial mesh, Mj, is first optimized for smoothness, then optimized 
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to enhance the features. This prevents artificial features that exist in the initial mesh, but not 
on the object surface, from being erroneously enhanced. 



5. STS MODELLING EXAMPLES 

The plastic toy, shown in Figure 2, typifies the complex surfaces found in mold 
manufacture and is a difficult object to model for three reasons: 

a) The surface is too complex to be mapped to a 2D planar domain or any simple 3D 
geometric domain. 

b) The surface is not divided into simple distinct regions that can have several separate 
surface patches fitted and merged together. 

c) The surface has large smooth regions interrupted by sharp features with high surface 
curvature. 




Figure 3. Flowchart of the data meshing algorithm. 

The 3D triangular meshing algorithm successfully approximates the toy object using six 
patches, as shown in Figure 2. The six patches, in the order they were grown, are: nose; top 
of head; right cheek; left cheek; chin; back of head and neck. 
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The complexity of the surface makes it difficult to choose successful parameters for patch 
growth. They must allow large patches that join without gaps or holes, and without forming 
erroneous triangles. The patches are limited in size by a fixed number of vertices, rather than 
features on the surface. The seed vertices are selected at the regions of highest curvature, e.g. 
top of the head, tip of the nose, bottom of the chin, and points of the cheeks. Patches grow 
more reliably over high curvature regions if they start there. The last patch fills the gap at the 
back of the head and around the collar. 




BEFORE EDGE ENHANCEMENT AFTER EDGE ENHANCEMENT 

Figure 4. Facet edge swapping and edge enhancement process. 



The six component patches are merged into a single mesh prior to optimization. The 
optimized meshes are shown in Figure 5. The most accurate mesh is obtained by optimizing 
first with the smoothing criterion, shown on the left, then with the feature-enhancing criterion, 
shown on the right. The final mesh is still smooth at regions of low curvature (e.g. the 
bulbous nose) but possesses clearly defined features (e.g. the eyebrows, nose wrinkles, and 
cheeks). 




(a) 



(b) 



Figure 5. Optimised STS meshes: (a) smoothing criterion (b) feature enhancing criterion. 



The largest apparent gap in the mesh, on the throat under the chin, is due to the 
incomplete digitizing of the Pluto figurine. This gap in the data points is too large for the 
mesh to span. The error between the optimized mesh and the digitized points is largest at the 
boundaries between patches, where holes or erroneous triangles exist. The difficulty in 
choosing growth parameter values to produce large patches on the complex surface means 
that occasional errors are inevitable. These errors can be corrected by manually inserting and 
removing individual triangles, if necessary. The size of these errors is approximately equal to 
the voxel bin size of 1 .5 mm. 

Due to the complexity of the surface, the Pluto mesh required six patches, using different 
patch growth parameters. The mesh patches required some trial and error, and several 
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patches had to be removed and re-grown. The initial digitized surface of 29,798 points was 
fitted with an optimized mesh of 6240 triangles in approximately three hours. The breakdown 
of time for each stage of the process is: 10 seconds to import and reduce the initial data set, 
approximately 2 hours to grow the initial mesh over the object’s surface, 21 minutes to 
perform optimisation with respect to the smoothness criterion and 17 minutes to optimise with 
respect to the feature enhancement criterion. 



6. TOOL PATH CONSTRUCTION 

In this section, a method for generating the tool path for 5 -axis milling of sculptured 
surfaces is presented. The method employs the STS model described above and focuses on a 
technique suitable for machining with a flat-ended cutter. Employing the STS model as a 
starting point, the following steps are necessary to create the CNC code: cutter contact (CC) 
point generation, determination of the cutter locations (CL)5 and post-processing to obtain the 
CNC part program. One issue addressed in CL data creation is the use of a configuration 
space. 

6.1 Cutter Contact Point Generation 

The STS is employed in creating the CC points on the surface and each triangular facet is 
described by the spatial co-ordinates of each vertex and the three components of the surface 
normal vector. The STS topological information, critical to efficient use of the mesh, is 
organised as follows: a facet vertex specified by a (x, y, z) triplet, an edge specified by two 
end indices and indices to the two facets that share the edge. Thus, every facet is specified by 
an index to each vertex, three edges, the three adjacent facets and the normal vector to the 
facet. For the overall digitized object, the edges that define the boundary are also flagged. 

The CC points are created from the STS by means of an intersection plane6, as shown in 
Figure 6. 




Figure 6. Generation of the CC points from the STS surface model. 

The cutting plane intersects with the STS thereby creating a set of points on the edges of 
each facet where the plane intersects the edge. The corresponding set of points, or edge list, 
defines a nominal CC line along the surface. The length of the segment between edge points 
is the step forward distance from one CC point to the next. The STS models the surface to 
within the pre-defmed tolerance and, therefore, the step-forward length restriction is 
automatically satisfied. The intersection checking, for all candidate edges, along the cutter 
path is efficient because all edges of each facet are indexed. Successive CC points are 
determined in this manner until a boundary edge (flagged) is reached. 
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6.2 Cutter Location Point Generation 

The cutter location (CL) is defined as the center of the bottom of the tool, for a flat-end 
mill. The diagram of Figure 7 shows a tool traversing a path defined by the edge list CC 
points. For a given position and orientation, the CL data is specified by the location of the 
tool center point, p, and the tool axis orientation, u. A local co-ordinate system can also be 
defined, at each cutter contact point and is formed by the N-axis, in the direction of the facet 
normal vector, and the F-axis, in the direction of the cutter feed direction. 




The third axis of the co-ordinate system, T, is defined by the cross product of the unit 
vectors in the F and N directions, i.e. t = f ® n. Thus, the three unit vectors (t, f, and n), in 
the axial directions, and the cutter contact point, c, define an orthonormal co-ordinate frame. 
It can also be shown that the cutter center (p) and the orientation (u) are a function of the 
angles a and (3, which are the cutter orientation angles with respect to the T-axis and N-axis 
of the local co-ordinate frame (see Figure 7). 

Therefore, for a given cutter contact point the CL-data depends entirely on the angles a 
and p. The configuration space (C-space) technique7 has been used widely in robotic motion 
planning to represent a moving object as a point in an appropriate parameter space, to which 
the obstacles are also mapped. The method simplifies the motion-planning problem by 
mapping a complex geometrical problem into the simpler C-space. The C-space method has 
also been proposed to simplify the problem of avoiding tool gouging and collision in multi- 
axis CNC machining. 

an4 p=H^c,R,i!) 

The C-space is defined as the planar co-ordinate system {a, (3 }e shown in Figure 8, 
where a point represents the tool rotational p and tilt a angles respectively. That is, a point in 
C-space represents a single tool position and orientation in the 3D-work space of the tool. 
The C-space is sub-divided into a collision area and a free area. The free area represents all 
permissible values of a and p that the tool angles may assume, whereas the collision area 
represent denotes where tool collision, surface gouging or violation of the limit’s of the 
machine tool may occur. The delineation between the regions is determined by projecting the 
neighbouring obstacles, surrounding surface regions and machine angular limits onto the C- 
space. For a 5-axis machine tool, the individual free areas are formed and then an overall 
feasible machining region is obtained from the union of the three. A point in this region 
represents a gouge-free, collision- free and attainable (by the machine) tool p and u. 
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As an illustration, Figure 8 shows the limits of the machine tool movement expressed as a 
C-space region. The physical machine angular limits, of its two revolute joints, are 
transformed to the local co-ordinate system (t, f, and n) and expressed as maximum and 
minimum angles in a and (3; (ao, and (po, PJ. To ease the computational burden, the P 
axis is kept fixed while all feasible ranges of the a axis are examined. Employing the C- 
space approach, checks can be made at each CC point to determine whether collision or 
gouging will occur. If they do, then the closest workable values of a and p in the overall 
feasible C-space can be selected. In this manner, a tool path can be generated across the STS 
model such that collision, gouging and machine tool limits are all checked and any necessary 
changes in the commensurate values of a and p made. 




Figure 8. The configuration space derived for the machine limits. 



7. CONCLUSIONS 

The paper describes a hardware and software system that can perform the reverse 
engineering of sculptured surface objects. Digitization and generation of the copious cloud 
data set is performed by a 3D-vision system integrated with a multi-axis CNC machine tool. 
The cloud data, acquired from numerous views, is modelled by a multi-patch, triangular facet 
meshing algorithm. The technique creates an accurate model of complex surfaces in a form 
that is suitable for manufacture by a CNC milling machine. The resulting mesh is employed 
to directly create cutter contact points, from which the cutter location is ultimately found. 
Cutter location selection is based on spatial location and orientation that avoids gouging of 
the underlying surface, for a flat-end mill of a given radius. 
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Abstract: Reverse Engineering is the process to construct a CAD-model from a physical model and 

consists of three steps : measuring or digitising the physical model, CAD modelling from the 
digitised points and completion of the CAD-model. This CAD model should be suitable for 
further processing, e.g. using CAM. This article evaluates the manufacturability of a CAD- 
model built through Reverse Engineering and containing free-form surfaces. The evaluation 
is done by means of a case study. Therefore, 5 axis milling paths are generated on the CAD 
model and the quality of the milled products is evaluated. 



1. INTRODUCTION 

Almost all modem manufacturing techniques start from the assumption that a CAD 
description of the physical object is available for the calculation of tool paths (CAM), 
simulations (CAE), CMM programming (CAQC), etc. However, the design of free-form 
surfaces often requires the use of physical models: 

• The aesthetic design of free-form products like dashboards, fenders, windshields, . . . 
is often done by stylists. Ideas are passed by means of clay or wooden models. 

• During the testing of physical prototypes (e. g. wind tunnel tests), their geometry is 
sometimes manually altered. 

• After the complete design, the model is sometimes adapted to the needs of the 
production processes being used. The design is then changed directly in the 
workshop on the prototype or mould. 

All these examples require the possibility to create or adjust a CAD-model from an 
existing physical model. As opposed to normal engineering, where a physical model is created 
from a CAD-model, this process is called reverse engineering. Figure 1 shows the three steps 
in reverse engineering. Starting from digitised points on the physical model, individual 
surfaces are modelled and the CAD model is finalised using standard CAD/CAM-tools 
towards a manufacturable product description [Kruth97a, Kruth97b]. 
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Figure 1. Reverse Engineering strategy 

This article presents a case study on a plough. A CAD model is built from a physical 
model using the strategy of figure 1 . The CAD model is then transferred to the CAM system 
in order to generate 5 axis milling cutter paths. Finally, these milling paths are executed on a 5 
axis milling machine and the milled part is evaluated. 






2. DIGITISING AND POINT CLOUD HANDLING 

Digitising for Reverse Engineering is performed by means of a measuring device, e.g. a 
co-ordinate measuring machine (CMM) and surface points are captured in 3D co-ordinates. 
Depending upon the digitising hardware used and the digitising strategies applied, the 
digitised points can be distributed according to a regular or irregular grid, following sectional 
lines or even randomly. 




Figure 2. Plough : digitised points (top and left isometric view) 

Figure 2 shows points digitised on the plough. The digitising is performed using the 
digitising software Surfeyor, developed at PMA-KULeuven [Janssens98]. Surfeyor is 
executed on a 3D CMM equipped with a point-to-point contact probe. The distribution of the 
resulting points is 3D curvature dependent, i.e. more points are digitised in highly curved 
areas and at small details of the physical object. In figure 2, a higher point distribution can be 
observed at spots where text was engraved in the original model, as well as along the holes in 
the model. 




Figure 3. Plough : subdivision of the pont cloud (top and left isometric view) 

To enable further processing, the digitised points need to be divided into different areas 
that describe different entities. Point handling techniques [3Dfax96, Hoppe92, Stucki94, 
Keppel75] form a useful tool for this purpose. The complete set of digitised points is grouped 
in a single entity, called a point cloud. By triangulating the cloud, the point cloud acts as a 
single facetted CAD entity on which operations can be performed. Figure 3 shows a shaded 
image of the triangulated point cloud created from the points of figure 2, using the Metris 
Base software of the company Metris n.v. (Belgium). From this shaded image, zones of high 
curvature as well as the defects due to the engraved text can be clearly seen. The zones of 
high curvature usually coincide with the design lines or ‘strong’ lines of the object and can 
divide the object into different parts or entities. The user can use this visual information to 
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project polylines onto the cloud and to make a sensible division of the cloud. Figure 3 shows 
internal and external curves that represent the surfaces’ design lines and boundaries. Regions 
displaying surface defects can be cut out so as not to be incorporated in surface modelling. 

3. CAD MODELLING 

In a next step, a CAD model is reconstructed from the point clouds. Each area is modelled 
with the appropriate entity by means of a surface modelling software. All geometric entities 
together compose the physical model. Modelling software usually represent free-form 
surfaces by Non-Uniform Rational B-splines (NURBS), due to their interesting properties 
such as the ability to handle large surface patches, local controllability and the ability to 
represent analytical features as well. 




Figure 4. Plough : base surfaces (top and left isometric view) 

The modelling of the plough is performed using the modelling software Shapid developed 
at PMA-KULeuven [Ma94, Kruth97a, Kruth97b] in co-operation with Metris n.v. Whereas 
most fitting algorithms require that the digitised points are structured in some way, the 
presented method does not presume any structure at all. Any point cloud will do, as long as 
the cloud contains enough information on the shape of the physical object, in particular in the 
critical, highly curved surface areas. In order to ensure the manufacturability of the surfaces, 
three surface modelling aspects are focussed upon : a regular parameterisation, smooth 
surfaces and continuous joins between different surface patches. 






Figure 5. Plough : modelled surfaces (top and left isometric view) 

Since most toolpath generation methods for multi-axis machining depend on the 
isoparametric lines of the object, the isoparametric lines should represent the object’s design 
lines and should be smooth. Shapid controls the parameterisation of the surfaces by means of 
base surfaces [Ma95] created using the design curves on the point cloud. Figure 4 shows base 
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surfaces created with the design curves of figure 3. The base surfaces and the point clouds 
then serve as input for the surface modelling. 

In order to obtain smooth surfaces, the algorithm uses least squares fitting to filter out 
random measuring noise. The user can always choose between smoothness and accuracy of 
the surface to meet specific requirements. Special attention is paid to regions with a lack of 
points, like the left boundary region in figure 3. To ensure smoothness over such regions, 
additional smoothing conditions are imposed on the surface modelling algorithm. Figure 5 
shows the modelled surfaces, which are smooth in the regions with a lack of points as well. 

Continuous joins between surfaces can be either imposed during surface modelling or on 
the modelled surfaces afterwards. In the presented case study, the surfaces are forced to 
interpolate their boundary curves during surface modelling. Higher order continuity with 
adjacent surfaces is imposed in the CAD finishing step. 



4. CAD FINISHING 

Figure 6 clearly shows a discontinuity in tangent and curvature between two neighbouring 
surfaces, that is not present in the original model. Therefore, both surfaces need to be stitched 
with the required degree of continuity. Since most CAD systems do not supply sufficient tools 
for CAD finishing of NURBS surfaces, some specialised tools, like surface stitching, are 
incorporated in Shapid [Kruth97a]. 

Traditional CAD tools can further be applied in order to create surface fillets, trim off the 
boundaries along the point cloud’s boundary, and trim out the holes of the model. Figure 7 
shows the complete CAD model of the plough, obtained from the surfaces in figure 5 after 
performing the above surface and CAD operations. 




Figure 6. Plough : discontinuity in tangent and curvature 



5. GENERATING 5-AXIS MILLING TOOL PATHS 

Figure 7 shows a CAD model that can be used to start production, e.g. by generating 
milling paths. Many commercially available CAM-systems support multi-axis milling 
operations. However, the functionality of those CAM-systems is subject to certain limitations. 
Unexperienced users often are not able to detect these limitations. The case study reveals 
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some of the most frequent multi-axis CAM-problems. The CAM-programming for this case 
study was carried out with Unigraphics of Unigraphics Solutions, a partner of K.U.Leuven in 
the EU project OPTIMACH. 




Figure 7. Plough : CAD-model (top and left isometric view) 

Figure 8 shows a simplified version of figure 7 that is used for the milling tests : the detail 
and holes are removed. They can be added easily afterwards by local milling of the detail and 
drilling out the holes. 




Figure 8. Plough : simplified CAD-model (top and left isometric view) 

In general, three toolpath generation methods can be applied for five-axis machining : 
using a ‘drive’ surface, Cartesian milling (according to the Cartesian xy-plane) or parametric 
milling (according to isoparametric lines of the part surface) [Kim95, Lee90]. This case study 
uses the first, most general, method. 

5.1 General approach using drive and part surfaces 

In the ‘drive’ surface method, drive geometry is used to ‘drive’ the toolpath over the part 
surfaces. Toolpaths are created through generating drive points on the drive surfaces along 
constant u or v-parameters. These drive points are projected along a specified projection 
vector on the part surfaces in order to form the contact points. 
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It is up to the user to select or generate the drive surfaces. The limitations posed to these 
drive surfaces are more decisive than those posed to the part surfaces. Part surfaces can lie in 
an arbitrary way, trimmings are allowed and the surfaces may overlap each other. Drive 
surfaces on the other hand should not be trimmed and, in case of having more than one drive 
surface, should be located in a grid. 

In this case, the same set of surfaces is used as drive and part surfaces. However, 
internally Unigraphics will use the untrimmed surfaces (figure 5) as drive surfaces, while the 
part surfaces to be milled are the trimmed surfaces of figure 8.. 




Figure 9. The Unisim simulation system, with the plough mounted on the table 

5.2 Simulation software 

The OPTIMACH project uses and evaluates the NC-simulation software Unisim, see 
figure 9. Simulation gives the possibility to check in advance whether the programmed 
toolpath is error-free. In this way, the feedrate doesn’t need to be lowered by the NC-operator 
at the time of execution of the NC-program and a good surface quality can be guaranteed. 



6. 5-AXIS MILLING 

6.1 Preparation of the workpiece 

The workpiece is machined in the following way : 

• Roughing with a rather large cylindrical cutter (diameter = 20 mm) 

• Semi-fmishing using the same torical cutter as for the finishing pass (diameter = 20 
mm, corner radius = 4 mm), but still with a part stock of 1 mm. The step-over 
between the milling tracks is larger as compared to the finishing pass. 

• Finishing. 

The workpiece is machined on a 5-axis MAHO 600C machine at our facilities, see figure 

10. 
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6.2 Tooldiameter problems 

The two largest surfaces in figure 8 are selected as part and drive surfaces. At first sight, 
the curvature of the surfaces is sufficiently low, so a rather large cutter can be used. A torical 
cutter of diameter 20 mm and a comer radius of 4 mm is used. After the generation of the 
toolpath, a first visual check of the toolpath on the screen does not show any irregularities. 
However, a closer look at the toolpath reveals spikes, see figure 1 1 . 




Figure 10. Overview of the machine during the 5-axis milling finishing pass 




Figure 11. Spikes occuring in the toolpath 
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These irregularities in the toolpath are removed by changing some of the available 
parameters (like the lead and tilt angle of the cutter) and the toolpath is regenerated. The 
resulting workpiece however still shows many surface marks, especially in the regions where 
the curvature is high. The CAM-operator can see on the machined workpiece that the 
curvature in the region near the border is too high to mill it with this cutter, see figure 12. As a 
consequence, a smaller cutter is applied, which improves the result drastically. 

The selection of an appropriate cutter is a well known problem in multi-axis machining 
[Lee96]. In the OPTIMACH project, an estimation of the tooldiameter will be provided inside 
the operation. This estimation will be based on the behaviour of local curvature [Kruth94, 
Saar 9 8]. 



7. DISCUSSION 

7.1 Surface connection 

In this case study, two different sets of surfaces (i.e. parts) have been milled. The first part 
only has Ckcontinuity between the two main adjacent surfaces, the other part contains 
surfaces with C^-continuity. The same CAM operations are calculated for both parts. It was 
expected to find a difference between the two workpieces, but the resulting workpieces show 
no difference in continuity. This means that, in this case, the resulting error of having Ck 
instead of C^-continous surfaces is smaller than the error caused by the CAM-system and the 
milling process. Furthermore, the C^-discontinuities could be ‘masked’ by using an 
appropriate milling strategy. In the case of the plough, the milling path was given the same 
direction as the common surface edge. 




Figure 12. The resulting workpiece and the surface marks 

7.2 Surface marks 

The resulting workpiece shows lines with little furrows, see figure 12. After an accurate 
investigation of the toolpath, it was found that these surface marks are caused by the reversal 
of one of the rotary axes. They can be removed by final polishing. 
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8. CONCLUSION 



This article presents a case study on a plough that underwent a reverse engineering and 
CAM process in order to produce a milled part from a physical model. Critical factors are 
outlined and some suggestions for improvements are given. 
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Abstract: Dimensional measurements based upon point sampling contain theoretically infinite 

uncertainties in the intervals between sample locations. In practice, the uncertainty is 
bounded due to material and process constraints which produce an effective minimum 
spatial frequency for surface errors. In this paper we develop a relation for measurement 
uncertainty due to workpiece form error using the ratio between the spatial frequency of 
workpiece errors and the sampling period. Several applications of this calculation are 
briefly discussed. 



1. INTRODUCTION 

Commonly, sculptured surfaces are measured with the assumption that [1, 2] 
manufacturing errors are uniform over the surface. However, tool wear, machine inaccuracies, 
vibration, cutting forces, and velocity errors all contribute non-uniformly to surface errors. 
Just as these errors influence design function, non-uniform manufacturing errors also affect 
measurement uncertainty or the dispersion that reasonably can be attributed to the measurand. 

Sculptured surfaces typically are measured with coordinate metrology methods that 
collect representative points from a surface of interest on the workpiece. These points are used 
to estimate substitute geometry which is often used to determine conformance of the sample 
piece to the design intent. As with any measurement, it is desirable for the user of this 
information to know the uncertainty associated with measurement quantities. Methods for 
determining the uncertainty associated with individual point measurements are well known 
and commonly used in practice today [3]. However, when a set of points are combined to 
assess a surface problems arise. When only a small group of points are used to evaluate a 
continuous surface, workpiece errors between sampling locations can result in large 
discrepancies between the calculated, substitute surfaces and the true surface. This paper 
develops an upper bound for the uncertainty that results from the interaction of workpiece 
errors and the spatial frequency of the sampling pattern. This result can be applied to make an 
estimate of the total uncertainty related to a specific measurement process. 

It has long been recognized that insufficient samples are being taken in practice to 
account for the effect of workpiece form errors [4]. Form errors are particularly important 
when evaluating tolerances based upon bounded zones such as form and profile [5-9]. The 
uncertainty due to workpiece errors between sample points is theoretically infinite, although 
practically bounded by material and process constraints. For the purpose of metrology, we 
are most interested in the magnitude of the errors present on a workpiece. The Nyquist ratio 
gives a guideline for the frequencies of errors which can be detected by a given sampling 
interval, but does not provide guidance on how to sample in order to detect the full amplitude 
of the error signals. 

Weckenmann et Al. [10], note that a good sampling procedure should permit the user to 
know the measurement uncertainty associated with the process. In most cases, such an 




uncertainty estimate is impossible to develop without making assumptions on the shape and 
distribution of workpiece form errors. 




Figure 1. Maximum Measuring Error with Even Sampling Ratio 



Recently, we have been working on using measurement of surface normals as well as 
position to help predict the behavior of surfaces between sample points. The surface normal 
data allows us to develop a cubic interpolating curve between pairs of sample points. This 
interpolant is capable of detecting N waves with N+1 samples, a considerable improvement 
over position only data. We use the interpolated error curve across a section iteratively to 
select sample points until a set of measurement requirements are satisfied. This algorithm 
permits a measurement application to detect automatically all form errors up to a known 
frequency with a known uncertainty attributable to the sampling method [11,12]. It is 
difficult to compare the attributes of various sampling plans in metrology applications without 
determining the effect that workpiece shape errors can contribute to the measurement 
uncertainty. 



Table 1. List of Symbols 



L 


Error Wavelength 




Sample Spacing 


s 


Workpiece Size 


N 


Sample Size 


M 


Set of Points 


CO 


Frequency 


0 


Phase Angle 


L/(|) 


Sampling Ratio 



2. PROBLEM FORMULATION 

Shape errors of sculptured surfaces are generally divided into 3 different types, based 
upon the wavelength of the error. In order of decreasing wavelength, the types are named 
form, waviness, and surface roughness. Form errors represent the longest error wavelengths 
with, typically, as many as 100 lull waves on a surface. Waviness errors are repeated 
structures on a part surface, with up to 1000 complete waves on a part. Surface roughness 
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errors are the very smallest structures on a surface; typically surface roughness would be 
considered as features with wavelengths smaller than 1 mm. Generally, coordinate 
measurement techniques cannot detect surface roughness errors due to the mechanical 
filtering properties of the measuring instrument. 

We wish to find the uncertainty due to workpiece shape errors as a function of the ratio 
between the sampling interval and the wavelength of the workpiece errors. It is assumed that 
the workpiece errors are non-random. We will first examine the simple case of a constant 
frequency, sinusoidal error shape and then extend our results to more complex shapes. 

Consider a workpiece with a sinusoidal error imposed upon it of wavelength L that is 
sampled uniformly at points spaced ^ apart. The region of interest on the workpiece is s units 
long, and it is assumed the wavelength of errors present is less than the workpiece size. The 
number of samples collected is. 

N = INT (s/(t)) 

Then, we have the set of measurements (M). 

M = {0, 0+(|), 0+(N-l)(|)} 

Where 0 is the initial phase relationship between the sampling pattern and the error signal. 
If the error amplitude is A, the fractional sampling error is: 

The set M that maximizes the fractional sampling error contains the largest measurement 
error due to workpiece error that is possible for a given sampling ratio. This value is the 



Error = 



A - {Maximum{M] - Minimum{M}) 
~A 



maximum uncertainty due to workpiece shape error. 

A closed form solution for the workpiece uncertainty is not possible, but we can find an 
exact solution for the special case of even sampling ratios. Consider an error signal 
represented by a cosine wave with 2n sample points uniformly distributed across it. Symmetry 
causes the sample points to be equidistant from the maximum and minimum points of the 
error curve. The maximum measuring error occurs when the maximum value measured is 
cos((|)/2L) and the minimum measured value is -cos((t)/2L) (Figure 1). 

Therefore, the fractional uncertainty due to workpiece errors can be shown to be: 

l-Cos((|)/2L) 

for even sampling ratios. 

Interpolating between even values of the sampling ratio, we can develop a chart showing 
the relationship between the sampling ratio and the uncertainty due to workpiece shape errors 
(Figure 2). The uncertainty is equal to 100 % of the shape error at the Nyquist rate of 2 
samples per form error wave and decreases rapidly with increasing sample ratio. 

This result can be shown to be a bounding function for combinations of trigonometric 
functions as well. Consider the combination of 2 sine waves of arbitrary phase: 

AiSino)i(0+ai) + A2sino)2(0+oc2) 

There are 2 basic cases that need to be considered in this situation. 

©1 » ©2 or; 

©1 « ©2 

In the case of widely separated frequencies, the 2 signals are largely independent and 
easily can be treated independently. When 2 signals are closely matched in frequency they 
produce a beat signal at a frequency equal to the difference between the 2 input frequencies. 
The spatial size of the beat peaks and valleys are proportional to the signal input frequency. 
Therefore, our uncertainty model will be applicable to the base input frequencies of the 
signals. 
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3. DISCUSSION 

Figure 2 dramatically illustrates the influence workpiece shape errors can have upon the 
accuracy of dimensional measurements. To limit workpiece uncertainty to less than 5% of the 
magnitude of the shape errors, it is necessary to sample at 10 times the spatial frequency of 
those errors. Since typical feature evaluations in coordinate metrology involve the collection 
of very small numbers of sample points, it is clear that current practice is detecting accurately 
only the longest error wavelengths present on the workpiece. 

This estimate of workpiece uncertainty is conservative since it does not account for 
process knowledge that could be used to sample consistently near the areas where the largest 
errors can be expected to occur. For example, a flat surface whose dominant error mode is the 
result of gravity bending generally will show the largest errors in the region around the center 
of the part. A well planned measurement will sample in this region and greatly reduce the 
influence of workpiece shape error upon the measuring uncertainty. 




Sampling Frequency / Error Frequency 



Figure 2. Fractional Error due to workpiece form error as a function of sampling ratio 

The result presented here could be applied to improve measurement reliability in two 
ways. Firstly, the uncertainty chart could be used with process knowledge of the typical error 
frequencies that need to be controlled to determine an acceptable sample spacing during the 
measurement process planning stage. Another potential application would be to post process 
individual measurement results by means of a Fourier transform to determine the detectable 
error frequencies present upon the part. This information then could be combined with the 
sampling interval to calculate the uncertainty of the specific measurement. The result would 
be an uncertainty estimate supplied to the operator of the measurement system that 
is based upon the actual shape errors detected on each specific part. Measurements that 
resulted in an unacceptable high uncertainty could be repeated with a denser sampling pattern 
to ensure a reliable assessment of the part condition. 



4. CONCLUSIONS 

We have shown an upper limit for the uncertainty due to workpiece shape errors based upon 
the ratio between the error wavelengths and the sampling interval. This result can be applied 
to help select the sampling plan during the measurement process planning stage or as a post 
measurement calculation of uncertainty. 
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Abstract: Subject of this research is the complete integration of the styling process into the computer- 

aided product development and thus to optimise the process chain design and to close 
media gaps. A new voxel-based 3D modeller is developed, the Virtual Clay Modelling 
System (VCM) (1), allowing the stylist to work with the virtual clay model in strong analogy 
to conventional clay modelling, supported by advanced VR-techniques. The VCM provides 
a STL- and CLI-interface, which serve as input for the selective laser sintering (SLS) 
process. 



1 INTRODUCTION 

To achieve an integration of the styling process Computer-Aided Industrial Design 
(CAID) systems have to be developed which effectively support the designer and allow to 
replace conventional styling methods. The Virtual Clay Modelling System will speed up 
development times in industrial design and leads to a better exploitation of the creative 
potential of the stylist. The integration of rapid prototyping processes provides the possibility 
of a fast design evaluation. The selective laser sintering process is unique in its capability of 
builing complex geometry using a huge variety of materials. Today, the STL format is used 
widely as input format for rapid prototyping machines. But standard slicing algorithms are not 
able to meet all requirements. This problem can be eliminated by using a system for 
technological process planning. The output of this system is then used as an optimized build- 
profile for the machine. 



2 VIRTUAL CLAY MODELLING 

The creative and intuitive working style during the early phase of design is not 
sufficiently supported by existing CAID systems. The essential reason for this is to be seen in 
the adaptation of the abstract geometrical free-form surface modelling processes of CAD 
systems to the design process in such way as not to allow for a sketch-like design activity. The 
suitability of processes for design is to be Judged considering the requirements of greater 
flexibility, a greater degree of interactivity and the transparent realisation of modifications to 
the model based on modelling operations. 

The implemented prototype of a Virtual Clay Modelling System allows the generation of 
design models in analogy to conventional clay modelling providing adequate support for the 
designer without restrictions on his expressive work. 

2.1 Principle of Virtual Clay Modelling 

The Virtual Clay Modelling System is based on computer- internal tools which can be applied 
to the virtual clay. In analogy to conventional clay modelling the designer can generate 




arbitrarily shaped models by simply adding or removing „material“ (fig. 1). This Cut&Paste is 
done with the graphical representation of spline-based modelling tools the stylist directly 
manipulates using a mouse, space-mouse or tracking system and that take the forms of plane 
rakes, templates or true sweeps. Compared to conventional styling systems a new paradigm 
has been developed operating on a discrete model using mathematically exact represented 
modelling tools using rational B-splines and therefore without the required knowledge of 
spline-based surfaces. The change in the modelling paradigm results in the provision of 
complex shaped tools instead of elementary parameters for shape modification as in the spline 
modelling paradigm 




Figure 1. Principle of virtual clay modeling 




Figure 2. Interactive tool editor 



2.2 Design process 



The realisation of the modelling operations is based on elementary Boolean operations 
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which are performed on the virtual clay model represented as a compressed voxel ^ model with 
a high degree of resolution. For model visualisation an extended Marching Cubes Algorithm 
(4) is applied that reproduces the exact positions of the polygons surrounding the volumetric 
model.3). 




Figure 3. Highlight lines on an imported model 



As in the real-world process, flexibly controllable linear light source provide the ability to 
perform a qualitative evaluation of the sketched form. To support the stylist while modelling, 
three methods for free-form surface evaluation have been implemented: 

• Highlight-lines by Beier (5) 

• Reflection lines 

• Iso-photes, indicating areas of the same light intensity 

Discontinuities of the highlight or reflection lines indicate a discontinuity of the surfaces 
evaluated. 

When modelling is finished, the voxel-based model is converted to a NURBS^ model 
which enables the export to standard CAD/CAM systems. The conversion of the voxel model 
into a NURBS model is based on the facets generated by the Marching Cubes Algorithm. 

The interactive styling process is supported by a three-dimensional perception of the 
model, enabled by stereoscopic viewing in conjunction with so called shutter glasses. The use 
of a Responsive Workbench™ beside the desktop VR solution allows highly intuitive and 
interactive design in a real world like surrounding. The stylist can interact with the virtual 
clay model, his view point of the model is tracked to provide the correct perspective. 



^ voxel = volume element 
^ NURBS = non uniform rational B-splines 
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2.3 Model evaluation using physical models 

The volumetric modelling system provides a direct link to rapid prototyping processes 
and thus a possibility to generate and evaluate physical models at an early stage. The VCM 
system offers the possibility to generate Open Inventor files which is used for the graphical 
representation of the model. The triangulated representation can be directly converted to STL- 
format. Furthermore the VCM system offers direct slicing of the model referring to the voxel 
data structure. 




Figure 4. VCM and Responsive Workbench™ 



3 BUILDING A PROCESS CHAIN INCLUDING 
SELECTIVE LASER SINTERING 

As this research aims at the complete integration of the styling process into a computer- 
aided process chain, an easy-to-use method had to be developed to generate physical models 
for design evaluation without an extra demand for knowledge about the rapid prototyping 
(RP) process. To enable communication between design and RP, the user interface of the 
VCM system enables the stylist to choose between several output formats. 



4 SELECTIVE LASER SINTERING 

The RP method ‘Selective Laser Sintering’ is designed to build parts of high complexity, 
high grade of undercuts and thin walls. It works in principle with any kind of thermoplastic 
powder, which is melted by a laser beam, as shown in figure 5. For design evaluation, there is 
an assortment of several polyamide materials which differ in surface quality, hardness and 
expansion coefficient. Surfaces are grindable. For color impression, a lacquering has to be 
applied. 

4.1 TECHNOLOGICAL PROCESS PLANNING 

The programming of Rapid Prototyping devices is done at present by device dependent 
software using an STL interface. This conducts, due to insufficient description of 
requirements, to difficulties with data preparation and manufacturing of prototypes. 
Available systems offer an insufficient functionality for the adaptation of process parameters 
to prototype requirements. For this reason a configurable software component for process- 
oriented planning and NC-data generation has been developed. The use of the planning 
module reduces build time while prototype accuracy can be increased. 

The planning module is applicable for various Rapid Prototyping techniques. The main 
techniques are Stereolithography and Selective Laser Sintering. 
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Existing functionality supports 

• workpiece positioning and grouping 

• decomposition of a CAD model into critical workpiece ranges 

• shape-referred definition of technological parameters 

• generation of layermodels 

• generation of NC-scan pathes. 




Visualization emphasizes speed and surface finish over tolerances or part strength. The 
goal is to produce a model that can quickly be manufactured, reviewed and passed around to 
discuss potential changes. As a result, all process parameters with a substantial influence on 
surface quality and speed have to be optimized for model evaluation. To reach this goal, 
major parameters have to be isolated. One of these is the overall sum of cross sections, which 
is directly related to build time. Reducing the scanned surface leads to significant reduction of 
time and cost of the parts. Consequently, parts are hollowed out in case that functionality is 
not tested. First task of the planning system is determination of build orientation and grouping 
of workpieces in the workroom. As RP-devices build up the parts in a layerwise structure, the 
characteristics of builded parts show different surface roughness in x, y and z-direction. So 
the system analyses surface structures in order to achieve minimal stairstep errors. 

In subsequent steps the user defines interactively device-specific parameters like laser 
power or pro- cess temperature. A process oriented database stores best parameter values as 
experience shows and gives recommendations. The user just accepts these values in case he is 
unsure about the correct inputs. 

4.2 ADAPTIVE SLICING 

Considering build time, an important variable is layer thickness. Imagine that double 
layer thickness leads to nearly half build time and you would have to pay 25 to 35 percent less 
for the prototype. 

To reach this goal, the component subdivides the workpiece into height ranges with 
constant layer thickness under the aspect of precision demands, controlled by the user. When 
intricate geometry is detected, layer thickness will be adapted conside- ring requested surface 
roughness, as Figure 6 shows. 

5 EXAMPLE 

Figure 7 and Figure 8 show the verified way from a simple virtual clay model to the 
physical model generated by selective laser sintering. 
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Figure 6. Simplified example of segment based adaptive slicing 




Figure 7. Voxel-based car model 



6 SUMMARY 

The Virtual Clay Modelling system is a highly interactive styling tool for conceptual 
styling with strong analogies to conventional methods of clay modelling providing a link to 
rapid prototyping processes due to the nature of the discrete voxel-based model. The given 
voxel representation and its triangle based visualisation is used for the generation of STL- and 
CLI-files which serve as input for the selective laser sintering process. The presented 
approach allows working on a unified database of discrete geometry for the phases of design, 
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process planning and process verification, avoiding tedious steps along the process chain 
which includes sculptured surface reconstruction. 

Future developments of the virtual clay modelling system will concentrate on the 
development of deformable tools in order to achieve a large variety of surfaces to be modelled 
as well as the integration of a two-handed manipulation of the virtual clay model including a 
force feedback device. 




Figure 8. Carbody generated by selective laser sintering. 
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Abstract: This paper discusses a method for finding near-optimal build orientations for shape 

deposition manufacturing (SDM). SDM is a solid freeform fabrication process that allows 
the creation of complex shaped parts by the iterative application of numerically controlled 
material deposition and milling operations. The part build time in SDM process depends on 
the number of layers. And the number of layers depends on the build orientation. Therefore, 
finding build orientation is a crucial step in the process planning of SDM parts. 



1. INTRODUCTION 



Shape deposition manufacturing (SDM) is a solid freeform fabrication (SFF) process that 
allows the creation of complex shaped parts by the iterative application of numerically 
controlled material deposition and milling operations [5, 8, 14]. Parts are built up in layers of 
both part and sacrificial support materials. The basic concept of SDM is shown in Figure 1. In 
the SDM process, parts are decomposed into a set of layers and compacts that can be built in a 
single step. The compacts are deposited as near-net shapes that are then accurately machined 
to net shapes before depositing additional material. Use of support material eliminates need 
for fixturing. SDM is capable of producing parts with multi-material, functionally-graded 
material or embedded pre-fabricated components. Furthermore, SDM can handle very large 
layer thickness and parts can be decomposed into true three-dimensional layers. 

In other SFF processes, parts need to be decomposed to meet layer thickness and surface 
finish requirements. In SDM process, parts (and support material) are decomposed primarily 
to eliminate accessibility problem in machining. Geometric conditions that require part 
decomposition are described in detail in Section 2. Figure 2 shows an example of an SDM 
operation sequence. 






( 1 ) 



( 2 ) 



(3) 



(5) (6) 



(7) 




Figure 1. Shape Deposition Manufacturing 

The part build time in SDM and other SFF processes strongly depends on the number of 
layers. And the number of layers depends on the build orientation. Figure 3 shows how 
different build orientations can lead to different numbers of compacts and layers in SDM 




process. Usually, finding a suitable build orientation is the first step in the process planning of 
solid freeform fabrication processes. A number of optimization techniques have been 
developed to find optimal or near optimal build orientation for SFF processes [1,4, 12, 13]. 
Because of significant differences between SDM and other SFF processes, existing techniques 
for identifying build orientation do not work for SDM. 




Figure 2. An Example Operation Sequence for SDM Process 



In this paper, we present an algorithm for finding a near-optimal build orientation for 
SDM. Rest of the paper has been organized as follows. Section 2 presents background 
material and basic definitions. Section 3 presents our technical approach in detail. Finally, 
Section 4 presents concluding remarks and direction for the future work. 




Deposit Remove Part with Remove 

Support Support 
Material Material 



Figure 3. Effect of Build Direction on the Number of Compacts (P denotes part and S denotes 

support material 



2. BACKGROUND 

Face and Edge Classification: As shown in Figure 4, faces of the part are classified into 
three categories. Let us assume that V is the normal vector of the face and Z is the candidate 
orientation direction, then 

1 . F is an undercut face if F.Z < 0. 

2. F is a non-undercut face if KZ > 0. 

3. F is a boundary face if KZ = 0. 

As shown in Figure 5, edges of the part are classified into four categories according to the 
categories of its two connected faces. If FI and F2 are the two connected faces of edge E, 
then 

1 . E is a transition edge if FI and F2 are of opposite attributes, i.e., if FI is an undercut 
face and F2 is a non-undercut one or vice versa. 

2. £ is a non-transition edge if FI and F2 are of the same attributes, i.e., if both FI and 
F2 are undercuts or non-undercuts. 

3. £ is a boundary-undercut edge if FI is a boundary face and £2 is an undercut face or 
vice versa. 
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4. £ is a boundary-non-undercut edge if FI is a boundary face and F2 is a non- 

undercut face or vice versa. 

A transition loop is the loop formed by connecting the transition edges into an open or 
closed loop. A transition loop can consist of one edge. 



non-undercut 




undercut 



boundary-non-undercut 




transition 



Figure 4. Face Classification 



Figure 5. Edge Classification 




Review of Definitions from Spherical Geometry: Our algorithms are based on earlier work 
by Woo et al in the area of spherical geometry [2, 16]. Few basic definitions from spherical 
geometry area are described below (please refer to Figure 6 for graphical interpretation). 

1) A point p is a unit vector which is denoted by a tuple (xl, x2, x3). 

2) A circle is determined by the intersection of the unit sphere with a plane, if the plane 

contains the center of the sphere, it is a great circle. Great circles are denoted by 
unit vectors corresponding to normal vectors of planes. 

3) A spherical edge is formed by two points on a great circle. 

4) A spherical polygon P is a closed contour on sphere of ordered connected edges which 

don't intersect with each other. 

Conditions Requiring Part Decomposition: Parts need to be partitioned into layers in order to 
eliminate accessibility problems in machining. As described in Ramaswami et al.'s work [10, 
11], to eliminate accessibility problems, various compacts (basic building blocks of SDM 
process) needs to satisfy the following conditions: 

Condition 1: No concave silhouette loops (edges) are allowed in a compact. 

Condition 2: No self-intersections of the projected silhouette loop of the compact are allowed. 
Condition 3: No cyclic ordering of the silhouette loops of the compacts are allowed. 
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Whenever a compact does not satisfy any of the above three conditions, it needs to be 
decomposed. Each decomposition leads to extra layers. Below, we have reproduced 
definitions of silhouette edges and loops from Ramaswami et al. [10, 11]: 




Silhouette edges are those curves on the surface of the model along which N(u,v).Z = 0. 
Silhouette edges serve as the boundary between undercut and non-undercut portions of the 
surface. As shown in Figure 7, there are three kinds of Silhouette edges: 

a\ convex surface silhouette edge 
b\ convex boundary silhouette edge 
c: concave boundary silhouette edge 

Silhouette loops are the loops formed by connecting the silhouette edges into a closed 
contour. A silhouette loop can consist of both concave and convex silhouette edges. 




Cl nC2rvC3 n 



Figure 8. Spherical Polygon Formation 
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3. TECHNICAL APPROACH 

The build time of SDM process is mainly determined by the number of layers and 
compacts to be built. The number of layers and compacts depends on the build orientation for 
the SDM process. For other SFF processes, build direction also has a great impact on surface 
finish. In SDM process, every surface is machined. Therefore, we only need to consider the 
effect of build orientation on the build time. 

Currently we only consider part decomposition because of Condition 1 (described in 
Section 2). In order to find the optimal build orientation direction, we need to define a cost 
function that estimates the goodness of a build orientation. We have chosen a cost function 
that closely relates to the build time. Our cost function is based on the estimates of the number 
of layers needed to build the part in a given orientation direction. In general, the build time 
depends upon the actual number and shapes of compacts. Therefore, our cost function is an 
approximation of the build time. Usually horizontal partitioning is considered better than 
inclined partitioning. Therefore, each non-horizontal partition is considered more expensive 
than the horizontal partition. We reflect this in our cost function by taking weighted 
summation of layers, where non-horizontal layers are multiplied by a factor greater than one. 

Due to accessibility problems in machining whenever we encounter a concave transition 
edge, we need to partition the part. Under certain special conditions, boundary edges can also 
act as transition edges. On the other hand, convex transition edges require partitioning of the 
support material. We connect various transition edges into planar loops and we base our 
estimates of number of layers on the number of transition loops. Non-horizontal transition 
loops contribute more than the horizontal loops to the cost function. 

The idea behind our algorithm to find a near-optimal build orientation is as follows. An 
edge in the part may be a transition edge or a non-transition edge based on the build direction. 
We currently take facetted part as input, the facetting accuracy can be adjusted by changing 
the precision of the facetting parameters. We consider a unit sphere that represents all possible 
orientation direction. The basic idea is to split the boundary of the unit sphere into three 
regions: (1) transition region where the edge is a transition edge; (2) boundary region, where 
the edge is a boundary edge; and (3) non-transition region, where the edge is a non-transition 
edge. In practice, we accomplish this by first characterizing the boundary of unit sphere for 
each face. Each planar face is an undercut face on one hemisphere and a non-undercut on the 
other hemisphere. These hemispherical regions are defined by the direction normal of various 
faces. Based on the classification of the connecting faces of an edge, various regions for the 
edge can be computed by performing simple boolean operations. 

Let us consider the set of spherical polygons formed by taking the intersection of all great 
circles corresponding to various direction normals in the part. We can classify each edge as a 
transition or a non-transition edge within these spherical polygons. Once every edge has been 
classified within spherical polygons, we can form transition loops for each spherical polygon. 
The number of transition loops for a spherical polygon gives us an estimate of the number of 
required layers for a direction selected from that spherical polygon. There are only 
polynomial numbers of spherical polygons, so selecting build orientation can be simply 
accomplished by examining various polygons. Within a spherical polygon, we select a 
direction such that the maximum transition loops are horizontal. Main steps of our build 
orientation algorithm are described below: 

Step 1. Generate spherical polygons for the facetted part. 

Step 2. Classify various part edges on spherical polygons based on two faces forming the 
edge. 

Step 3. Find the best build orientation for the part by finding best build orientations for 
various polygons. To find best orientation for various polygons, we do the following: 

1. We connect all the transition edges into separate transition loops. Each single 
transition edge is also treated as a transition loop and is stored in a transition loop list. 
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2. After forming all the transition loops, we compute the value of the cost function for 
all the polygon vertices and some inner points where the normal vector of the 
transition loops are within the polygon. 

Generating Spherical Polygons: We have taken a direct approach to intersect the 
spherical circles and form spherical polygons, our approach for generating spherical polygons 
consists of the following main steps: 

Step 1. Collect face normal set F from the input facetted part. Each face normal Fj should 
be unique in the set. 

Step 2. Form a set of great circles C from the face normal set F. 

Step 3. Intersect all the great circles in pair-wise manner. Save all the intersections as a 
list for each great circle c^. 

Step 4. Sort the intersection list for each great circle c,-. Sorting is done by first projecting 
all the intersections on a great circle onto the x-y plane, then comparing their relative angle 
with the A-axis. 

Step 5. Form spherical polygons in the following manner. Start from an unaccessed edge. 
Try to form a polygon in a counterclockwise manner. Repeat until all the edges on the great 
circles are accessed twice which means no polygons are left. 

Figure 8 shows four great circles and a spherical polygon formed by taking intersection of 
these great circles. 

Classifying Edges on Spherical Polygon: When all the spherical polygons are formed, 
we can proceed to classify various part edges on spherical polygons. The goal of this step is to 
record the attributes of all the edges with respect to each polygon, i.e., which edge is 
transition, non-transition or boundary edges on which spherical polygon. 

We can uniquely classify various edges for spherical polygon because of the following 
reason. Spherical polygons are formed by taking intersection of all possible face normals in 
the part. Therefore, edge characteristics do not change within a spherical polygon (i.e, for all 
possible directions within this spherical polygon, edges will either be transition or non- 
transition). This allows us to treat all directions within a spherical polygon uniformly. 

Finding Near-Optimal Build Orientation: Once we have generated spherical polygons 
from face normals, and classified various edges on spherical polygons, we proceed with 
determining build orientation. In general a part can be decomposed using non-planar sections. 
But, currently we only deal with planar transition loops, i.e., all the edges of a transition loop 
reside on the same plane. 

Using our cost function, we can compute the cost of various candidate orientations. 
Therefore, by comparing cost of two candidate orientations, we can determine which one is 
better. We observe that, generally speaking, vertices on a spherical polygon are better 
candidates than the interior points of spherical polygon for minimizing the cost function. 
There are, however, exceptions to this observation: interior points along which transition 
loops are horizontal lead to horizontal partitioning and therefore reduced cost. By applying 
this criteria to various candidate points within a spherical polygon, we are able to find an 
optimal orientation for the polygon. So when we have done these comparisons for various 
spherical polygons, we can find an optimal orientation as per our cost function. 

The main steps for finding an optimal build orientation for a given spherical polygon P 
are as follows: 

Step 7. Find the transition edge sets E for the polygon P. 

Step 2. Form transition loop set L from the transition edge set E. 

Step 3. Form the set of candidate points Cp by including all vertices of P and adding inner 
points along which a transition loops is horizontal. 

Step 4. Compute costs for various candidate points and select the best orientation for 
set C^. 

Implementation and Examples. This algorithm has been implemented using C++ 
programming language. For geometric modeling and transformation we have used ACIS 
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geometric kernel [3]. For basic data structures we have used LEDA (a Library of Efficient 
Data types and Algorithms from Max Planck Institute) [7], For graphical interface we have 
used Open Inventor graphics library (available from Silicon Graphics, Inc) [15]. 







Given 

Orientation 



Figure 




Orientation found 
by Our Algorithm 

>. Example B 



Figures 9 and 10 show two examples. For the first example, we identified two candidate 
build orientations. One is the same as the given part, the other is in the direction that has been 
generated by rotating the given part about A-axis by -45 degree. For the second example, the 
build direction has been generated by rotating this part about 7-axis by -90 degree. 
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4. CONCLUSIONS 



Summary: In this paper, we have described an algorithm for finding near optimal build 
orientation for Shaped Deposition Manufacturing. The advantages of our algorithm compared 
with other algorithms for finding orientations are as follows. First, our algorithm is robust and 
complete. By robust we mean our algorithm is not sensitive to any initial values set by the 
users. Our algorithm does not need any pre-specified values to start as common in most other 
SFF orientation algorithms. By complete we mean our algorithm is able to search all the 
candidate orientations so that near-optimal or optimal orientation can be found. Another 
feature of our algorithm is that it handles the build orientation problem in a divide-and- 
conquer manner. We partition the unit sphere (representing all the candidate directions) into 
smaller spherical polygons, identify the best orientation within every spherical polygon, and 
assemble solutions from various polygons to find the final build orientation. 

Current Limitations and Future Plans: Our approach currently has the following 
limitations. 

1 . Only parts with planar surfaces are considered. 

2. Part decomposition based on (1) self-intersections of the projected silhouette loop, 
and (2) cyclic ordering of the silhouette loops are not considered. 

We are working towards relaxing these limitations. We are also developing heuristics for 
estimating upper bound and lower bound on the cost estimates for a given spherical polygon. 
This will allow us to develop branch and bound search techniques to quickly find the near- 
optimal orientation direction without having to examine all spherical polygons. 

Acknowledgments: This research has been supported by a subcontract from Stanford 
University on an NSF Grant MIP-96 17994. 
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Abstract: This paper discusses a method that combines 5-axis NC machining and rapid prototyping for 

manufacturing complex shape parts. The combination allows NC machining to deal with 
surfaces in a part that cannot be accessed directly by a 5-axis NC machine. It splits the part 
into fully accessible subparts (layers), and machines them one by one. The subparts are 
subsequently joined together to form the complete part. 



1. INTRODUCTION 

Five-axis numerical controlled (NC) machining is widely used in processing parts with 
complex geometry. These parts are usually composed of sculptured surfaces (free-form 
surfaces). The increasing complexity of modern free-form part designs makes the potential 
benefits of 5-axis milling continuously growl, 2. 




Five-axis NC machining can deal with much more complex shape than conventional 3-axis 
NC machining, and offers many advantages over 3 -axis NC machining, such as higher 
productivity and better machining quality. But there still exist a large class of complex parts, 
which cannot be machined directly by 5-axis NC machining. A main feature of these parts is 
that there are some surface portions in the parts are not accessible to a 5-axis machining tool. 
This inaccessibility usually falls into two cases: Angle Inaccessibility and Gouging 
Inaccessibility, which are illustrated in Figure 1 and Figure 2 respectively. Angle 
inaccessibility is caused by the rotation limitation in the two rotation-axes of a 5-axis NC 
machine. Gouging Inaccessibility is caused by the interference between the tool and the part. 
The angle inaccessibility comes from the capability of a machine, and is difficult to deal with, 
unless we can change the part orientation. However, the gouging inaccessibility is mainly 





caused by the complexity of the surfaces in a part, and can be eliminated by reducing the 
complexity of the machining portion of the part, just like we do in layered manufacturing. 

Layered manufacturing (LM) refers to the fabrication of physical parts layer-by-layer. It 
involves successively adding raw material, in layers, to create a solid of predefined shape. 
Some names that have been used to describe LM processes include Desktop Prototyping and 
Solid Free-form Fabrication. Much of the use of LM is currently restricted to prototyping, i.e. 
creating a physical part for the purposes of analysing its form, fit or functions, 4. LM is a 
fundamentally different method of fabrication. When creating a part layer-by-layer, the 
geometric complexity of the part has significantly less impact on the fabrication process (e.g. 
a simple cube and a sculptured part are equally easy to be manufactured). 

At present, it is fairly difficult to manufacture an accurate part fully by layered 
manufacturing because of the low-order approximation26,27 in LM process, which limits the 
accuracy at about 0.1mm. Flowever, we can combine 5-axis NC machining with the basic 
concept of LM, layer-by-layer, to manufacture complex part with NC-level accuracy. For a 
part with complex shape, we first study its accessibility, and then divide the part into layers. 
Each of layers is an accessible subpart. After that, we process each layer (subpart) using 5- 
axis NC machining. Finally, we joint the layers (subparts) into a desired whole part. Because 
the layer slicing in this method is based on the accessibility, the layer thickness (or the height 
of the subpart) can be much thicker than that in a traditional LM process, and one layer 
(subpart) is a 3D shape rather than a 2D shape in other LM. 




Figure 2. Gouging Inaccessibility 

This method is applicable to the parts that can be composed of jointed subparts, such as 
most of the polymer parts. It can also be exploited in the implementation of Design for 
Manufacturability (DFM) methodology5. 



2. APPROACH OVERVIEW 

From a geometry point of view, to implement the combination of 5-axis NC machining 
and layered manufacturing technology, we need first to detect the accessibility of a given part, 
and then slice the part into subparts according to the accessibility and generate machining tool 
path for each subpart. 

Because we need also to check the accessibility in generating 5-axis tool paths, we 
combine the two accessibility checking together and do it only in the tool path generation. 
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This means that we get both tool paths and accessibility information in the tool path 
generation phase, and use this information to slice the part. After slicing, not only the given 
part becomes independent subparts, but also the generated tool paths have been divided into 
separated portions. We need further to reconstruct these separated tool paths into complete 
tool paths for each of the subparts. 

Our approach can be described as the following steps: 

1) Tool trajectory generation The tool path of 5-axis NC machining composes of two parts, 
the tool trajectory and the tool vector, as shown in Figure 3. Each point in a tool trajectory is 
called a tool position, which represents a 3D-space position where a specific point in the tool 
should pass. This specific point usually is the centre of the tool tip surface of a flat end-mill, 
the centre of the spherical tool tip of a ball end-mill, and so on. Tool vector describes the 
direction of the axis of a tool. A tool trajectory and the tool vectors associated with each point 
in the trajectory uniquely describe a tool movement in the space, a tool path. To practically 
drive a tool, we still need the tool speed and rotation direction. The determination of tool 
speed and rotation direction is often the work of the tool path postprocessor. We will not 
address this topic here. 

At this step, we generate the tool trajectories only according to the tolerance, surface type, 
tool shape, and user preference, do not take the accessibility into consideration. 

2) Accessibility checking and tool vector determination To check the accessibility of the 
tool trajectories, we usually discretize the trajectory curves and check the accessibility of the 
sample points. By checking the accessibility of the sample points, we classify the trajectories 
into accessible portion and inaccessible portion. For the accessible portion, we get an 
accessible tool vector for each sample point in this portion. For the inaccessible portion, if it 
belongs to gouging inaccessible, they will become accessible after the slicing operation. If it 
is angle inaccessible, this portion of the part will be unmachinable. The user should change 
the part orientation, the machining method or change the design. 

3) Part slicing and tool path construction After the accessibility checking, we get the 
gouging inaccessible portions and the interference information. From such information, we 
determine the slicing positions and slice the part into layers at these positions. At present, our 
algorithm only divides the part along one direction, usually the upward direction, which is the 
z-axis direction here. 



\ 
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After slicing, each layer becomes an independent subpart, and the tool trajectories are also 
separated into groups. We reconstruct the corresponding tool trajectories of this subpart into 
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the final tool path, and output it to a Cutter Location (CL) file. The tool path generation 
postprocessor can use this data file to generate NC codes for a specific machine. And then 
this subpart can be machined as a stand-alone part. The jigs and fixtures are also designed in 
usual manner. When all the subparts have been completed, they can be jointed together by 
gluing, welding or other methods. 

In our development work, we use ACIS as our geometric function kernel. ACIS is an object- 
oriented 3D geometric modelling engine from Spatial Technology Inc. It is designed for use 
as the geometry foundation within virtually any end-user 3D modelling application. 



3. TOOL TRAJECTORY GENERATION 

The tool path of a part contains two groups, the roughing tool path and the finishing tool 
path. A roughing operation is used to remove most of the excess material in the stock, and get 
an inaccurate profile of the final part. Because the accuracy and surface quality are not 
important in the rough cutting procedure, we can use large diameter tool to cut at high speed 
to reduce processing time. A finishing operation is used to cut out the final part. The 
accuracy and surface quality are key factors in this procedure. For this, we should generate 
tool trajectories for rough cutting and finishing respectively. 

At present, we use ball end-mill and contouring tool path to roughly cut the stock. To 
generate the roughing tool trajectories, we use constant distance parallel planes to slice the 
part model to get many contours, and then generate contour-parallel tool trajectories for the 
part. Such tool trajectory generation can be categorised into planar pocketing tool path 
generation. Which has been discussed in a lot of literatures 

To generate finishing tool trajectories for a sculptured surface, there are usually two ways, 
isoparametric method^ and non-isoparametric method^^’^^’^^’*l The isoparametric 
method generates tool trajectories in the parametric domain, where each trajectory is created 
based on one of the two principle parametric directions. The non-isoparametric method 
generates tool trajectories in Cartesian space. We use the first method. 

In generating roughing tool trajectories, we need to calculate the step-over between two 
adjacent trajectories, which is related to the tool shape, tool size, tool position, allowable 
tolerance, and the surface shape. Such calculation has been discussed in quite a few 
papers22,23,24,25. 



4. ACCESSIBILITY CHECKING AND LAYER SLICING 

4.1 Accessibility checking 

In the tool trajectory generation, the calculation of step-over is tightly related to the 
direction of the tool vector. The tool vector at a tool position is determined by the machining 
convention of a specific feature and the accessibility of the tool at this position. Usually in 5- 
axis sculpture surface machining, the tool vector is mainly determined by the accessibility. 
The accessibility is checked at each point on the tool trajectories when we generate the 
trajectories2,21, 22,23,24,25. 

In our approach, the accessibility checking is also used to determine the slicing position 
for dividing the part. So, when we keep the accessibility information of each point. The 
information includes the type of accessibility (accessible, angle inaccessible and gouging 
inaccessible), and the interference position if the point is inaccessible. 

4.2 Layer slicing 

To slice a part into layers according to its accessibility, we got three approaches: 

1) Planar contour slicing 
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This approach uses parallel horizontal planes to slice the part from bottom to top just as 
that in the roughing tool trajectory generation to get intersection contours, and then, check the 
accessibility of these contours. According to the accessibility, it slices the part into accessible 
subparts (layers). This approach is easy and fast, but it cannot deal with flat surfaces 
illustrated in Figure 4. As shown in the figure, this approach only checks the accessibility of 
the points on the intersection contours, but do not check the accessibility of the points on 
surface S. As a result, it may generate inaccessible subparts. 

2) Direct trajectory checking 

This approach checks the accessibility of each generated tool trajectory to decide the 
slicing position. It will solve the problem in the first approach, but still has disadvantage. We 
know that the accessibility of one tool trajectory is always affected by the layer slicing, i.e., if 
a trajectory is not accessible, it can become accessible after part slicing. So, the accessibility 
of all the trajectories will couple together, and then lead to lengthy and low efficient slicing 
algorithm. 

a) Intersection 




3) Virtual layer Mapping Method (VLM) 

This approach combines the basic ideas of the above two. It still checks the accessibility 
of the tool trajectories to decide the slicing position, but in a different way from the direct 
trajectory checking method. In this approach, we divide the vertical part size into a few 
intervals, which can be taken as the vertical position of some virtual layers. In other words, 
we virtually slice the given part into a few layers. Then, we split the tool trajectories into 
segments according to the virtual layer position; each segment belongs to only one virtual 
layer. This is called mapping. After the tool trajectories are mapped into the virtual layers, 
we check the accessibility of the virtual layers form bottom to top to decide the slicing 
position. The accessibility of a virtual layer is represented by the accessibility of all the 
trajectory segments mapped into it. 





(a) Given part (b) Sliced layers (subparts) 

Figure 5. Example of VLM algorithm 
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We use the first approach of the above to do the layer slicing for the roughing procedure, and 
can get the first slicing result. In the approach, we directly use the roughing tool trajectories, 
no longer to generate more intersect contours. Then we use the third approach, VLM, to do 
the slicing for the finishing procedure. In this process, we should use the slicing result of the 
roughing procedure, because it can significantly reduce the processing time. Figure 5 is an 
example result of VLM method, and the following is the algorithms for VLM method: 

Slice a given part using VLM method 
Synopsis: VLMSlicing {P, LA) 

Input: P A part or subpart to be processed 

Output: LA An array to store the sliced layers 

Begin 

Map tool trajectories into virtual layers 
Let iStart be the start VL index of P 
Let nL be the end VL index of P 

Do 

i?^5=FindInaccPos(P, iStart^ iEnd, nL) 

If result Res is accessible, then 

Construct a layer from iStart to iEnd, and mark it as accessible 
Save this layer into LA 

Return 

Endif 

If result Res is inaccessible, then 
If iEnd>iStart, then 

Construct a layer from iStart to iEnd-\ 

Mark it as accessible and save it into LA 

Endif 

Construct a layer from iEnd to iEnd 
Mark it as inaccessible and save it into LA 

Endif 

iStart=iEnd+\ 

While iEnd<nL 

Merge the adjacent inaccessible layers in LA 

End 



Find the inaccessible VL index 

Synopsis: FindInaccPos ( P, iStarty iEnd, nL ) 

Input: P A part or subpart to be processed 

iStart The start VL index of P 
nL The end VL index of P 

Output: iEnd The inaccessible VL index, and it will be the end VL index of 

the new layer. 

Begin 

iEnd = nL 
i = iStart 



Do while i<=iEnd 

Check the accessibility of virtual layer / in P 
If VL i is inaccessible, then 

Get the index / of the VL in which the lowest interference point lies 
If K=i, then 
iEnd=i 

Return “layer is inaccessible” 

Endif 
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iEnd=l-\ 

i=i-\ 

Remove the portion of P above VL iEnd 
Endif 

If i=iEnd and t>iEnd, then 
iEnd=i 

Return “layer is inaccessible” 

Endif 

Increase / 

End do 

Return “layer is accessible” 

End 



5. TOOL PATH CONSTRUCTION 

After slicing, each layer becomes a subpart and the tool path is also separated into 
segments. We reconstruct the tool path segments for each subpart to generate the final tool 
paths, and output them into a Cutter Location (CL) file. The tool path postprocessor can use 
this data file to verify the tool paths or generate NC codes for a specific machine. 



6. CONCLUSIONS 

This paper presents a machining method that combines 5-axis NC machining and rapid 
prototyping for manufacturing complex shape parts. The method analyzes the accessibility of 
a given part first, if some portion of the part is not accessible, it split the part into some 
subparts that are accessible, and then generates tool paths for these subparts respectively. A 
Virtual Layer Mapping (VLM) method for part splitting is discussed in detail. 

The method in this paper is applicable to the parts that can be composed of jointed 
subparts, and is also useful to the implementation of Design for Manufacturability (DFM) 
methodology. 

The method in this paper only splits a part in one direction. To split the part in arbitrary 
direction and based on machining features is our next stage of work. 
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Abstract: In order to fabricate very large objects of unlimited complexity from various high density 

polymers, a thick layered LOM approach has been developed. The layers are individually 
cut by a heated flexible blade manipulated by a sculpting robot and then stacked together. 
The shape of the blade is continuously adapted to the target geometry for the layer that 
allows extremely thick layers. The TLOM technology is a multilevel optimization problem, 
involving 1) finding the shape of the blade that suffices to the minimum energy principle, 2) 
minimizing the deviation between shape curves on the layer and the blade’s profile curve, 3) 
finding the best fitting region of the profile curves to various curved domains, 4) finding the 
best tool positions and the optimum tool path. We have developed numerical methods that 
enable us to investigate feasibility of thick-layered fabrication of various products. 
Graphical simulation of the machining process demonstrates the practical applicability of 
the TLOM technology to automatic shape fabrication. 



1. BRIEF INTRODUCTION TO LAYERED OBJECT 
MANUFACTURING 

Physical concept modeling has proved to be an effective solution to improve the outcome 
of conceptual design and to reduce the time of product development. In the field of industrial 
design, the requested physical models are large sized, structurally and morphologically 
complex, and they are expected to support activities other than shape presentation only. For 
instance, when produced as functioning prototypes, physical models can also be used for 
preliminary checking of the requested functions, manufacturability, assemblability, aesthetic 
and ergonomic properties. Physical concept models are generally made from plastic foam, 
paper, plywood, etc. by an incremental technology that is called layered object manufacturing 
(LOM). When the size of the physical models are above 0.6 m x 0.6 m x 0.6 m most of the 
conventional LOM technologies fail due to their size, performance and quality limitations. It 
regards to laser stereolitography, 3D-printing, selective laser sintering, fused filament 
deposition, etc. Therefore, the objective of our research and development has been to come up 
with an effective technology for fabrication of large sized, free-form physical models of 
various soft materials based on higher order shape approximation. 

There are four typical phases of fabrication of very large sized, plastic foam objects. 
These are (a) shape decomposition, (b) layer thickness calculation, (c) layer manufacturing, 
and (d) object recomposition. Shape decomposition involves (a) separation of the object into 
individual components, (b) segmentation of the components according to their morphological 
properties, (c) definition of layers based on shape approximation, and (d) sectoring the layers 
due to manufacturability and/or morphological reasons, when applicable. The approximation 
assumes a set of layers of predetermined thickness and applies them in an adaptive way to 
minimize the deviation between the nominal shape and the approximating shape. Layer 
thickness calculation is an optimization process involving activities such as (a) determination 




of the optimal slicing position, (b) detaching the unfavorable slicing domains, (c) layer 
thickness allocation with a view to preciseness and process characteristics, and (d) placing 
inserts and auxiliary parts. Layer manufacturing comprises (a) blank cutting, and (b) front 
surface cutting. The recomposition subprocess consists of (a) finding optimal assembly 
position, (b) layer positioning and fixing, and (c) finishing and decoration of the physical 
model/prototype. 




c. higher-order 



Figure 1. Comparison of adaptive slicing techniques of various order 



Various types of approximation methods have already been worked out. They can be 
classified based on the curvedness of the approximating curve/surface (Figure 1). The stepped 
approximation which is often referred to as zero-order approximation in literature is the most 
adequate for thin-layered deposition technologies. When the concept of uniform slicing is 
applied, it results in large errors of approximation for double-curved objects. In order to 
reduce the deviations, the concept of adaptive slicing has been introduced A stepwise 
uniform refinement of adaptive slicing was also presented Kulkami, P. and Dutta, D. 
addressed the issue of containment to improve slicing 





Figure 2. The flexible blade tool 

To lessen the stair-case effect that is typical for stepped approximation, the concept of 
ruled/sloped approximation has been introduced This technique is also known as first order 
approximation in literature. Object fabrication with layers of ruled front surface was 
extensively studied De Jager P. J. et al. made a comparison between zero order and first 
order approximation techniques Slicing calculations are typically based on .STL files that 
however introduce errors in approximation of the nominal shape. To avoid representation 
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errors techniques for direct slicing of CAD models have been worked out Guduri, S. et 
al. also addressed the issue of generating exact contour files First order shape 
approximation is generally combined with adaptive slicing. Segmentation is typically applied 
to the geometric model when the shape has morphologically dissimilar domains that need 
significantly different layer thickness. Special slicing techniques, e.g., sloped, and pie-like, 
can also be applied to achieve the same goal. 

Involved in the Integrated Concept Advancement (ICA) research program, the authors 
have developed a new technology which is apparently the most appropriate for free-form, 
thick-layered fabrication of objects from high density plastic foams. The tool used for free 
form manufacturing of the front surfaces of the layers has been called flexible blade tool. The 
assembly model of the tool can be seen in Figure 2. The cross section of the blade is either 
circular or diamond shaped. The blade of pre-computed length is supported by pairs of 
electromechanically controlled rollers that allow us to set and instantaneously modify the 
clamping positions and, thus, to change the shape of the blade continuously. 

In the further part of the paper the layer manufacturing process will be referred to as hot 
blade cutting. The whole process of shape decomposition, layer thickness calculation, layer 
cutting and stacking is called thick layered object manufacturing (TLOM). When it is applied 
to sculpted object we are talking about FF-TLOM where FF stands for free-form. Its concept, 
principles and the methodology of finding the shape of the flexible blade have been reported in 
an earlier paper with the contribution of some of the present authors. Due to the difficulties of 
a physically-based computation a geometrically-based modeling was applied Certain 
aspects of tool profile calculation, tool position and tool path calculation have also been 
presented in a former study This paper reports on the algorithms for computing and 
visualization of (a) the shape of the profile curve matching to a given domain of the front 
surface of the layer, (b) slicing the object into thick layers, (c) reduction of the cusp height 
when the calculated layer thickness is substituted by standard one, (d) determination of the 
tool positions to be set and calculation of the tool path, (e) virtual execution and verification 
of layer fabrication by process simulation. The free-form layer manufacturing process has 
been implemented on a six-axis sculpturing robot that is in use at the Section of Applied 
Information Technology, Sub-faculty of Industrial Design Engineering, of the Delft 
University of Technology. 



2. ALGORITHM FOR CALCULATION OF PROFILE 
CURVES OF THE FLEXIBLE BLADE 

Compared to the conventional layer cutting techniques of zero or first order, the hot blade 
cutting process is featured by a blade of instantaneously changing curvature. Consequently, 
the very first problem is to find the shape of the blade that provides the best fitting to the 
actual shape of the CAD geometry in the domain that corresponds to the layer thickness. The 
bent physical blade can be substituted by a curve of minimal elastic energy for given support 
conditions and for prescribed length. For calculation of this minimal energy curve various 
analytical variational and spline ^ approximation algorithms have been published. Most 
of the spline fitting algorithms minimize the square of the second derivative along the curve 
To obtain the requested tool profile, we applied a further developed version of Kallay’s 
algorithm which starts out of a point set, rather than of splines, in order to keep the method 
simple (Figure 3). When the flexible blade is in its minimal energy state, its shape takes up the 
smoothest curve for given support conditions. Therefore, this is the primary geometric 
requirement for interpolation of an arbitrary set of points. 

The profile curve approximation algorithm starts out of the following assumptions: Let 
two points Pi ^ pk and two unit vectors tpi and tpk be given in the plane. Without loosing 
generality we may assume that the curve r that we search for is a mapping r{u) from the unit 
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interval [0, 1] to the plane. We are looking for a curve r(w) which meets the following 

• • 1 • 

conditions: r(0) = Pj and r(l) = , r(0) = at and r(l) = , j| r(w) | du =L and 

^ 0 

1 

\\/c{u)\^du is minimal for any positive scalars a and d. The last expression minimizes the 

0 

strain energy of r, which is proportional to the integrated squared curvature. Our objective is 
to have a calculation procedure that is independent of the material and stiffness (El) 
properties of the blade. We used a selected set of points for the approximation. The vectors 
drawn between two neighboring points of the initial set of points are gradually rearranged 
towards a minimal energy configuration by subsequent spatial rotations, unless the curve is 
quasi-planar when rotations are applied in plane. 



b. minimum energy polyline 




Let’s denote the vector between two points Pi and p+i by Ui+i. Since the lengths of the 
n-^ n 

vectors have to be constant, ^^K(pi)^ is minimal when the Uj-Ui+i is maximal. To 

/=1 i =^ 

preserve the constant lengths of the vectors a special strategy of rotation is to be applied. 
Whenever we want to increase the value of U, all points pj between pi and Pk has to be rotated 
about the axis pj-pk by an angle a such that ui.Ui+i + Uk Uk+i be maximal, under the condition that 
Uj.i and Uk+i remain unchanged. It means we have to minimize the complementary angles 
enclosed between the vectors pi-pi-i and Pi+rPi, and Pk-Pk-i and Pk+rPk- This method will 
increase U, but not in every case, therefore, we have to check whether U is indeed increased 
when we maximize Ui Ui+i+ Uk Uk+i- 

When ^p, is a point in the relative coordinate system R\ and Vi, ..., Vk, Vk+i are the 
projections of the vectors onto a plane perpendicular to the vector prpk, the expression to be 
maximized is: max{Vi.Vi+i+ Vk.Vk+i}, or in fiilly developed form: 

max{(‘^’pi - ’^’pi-i)(’^’pi+i(a) - ’^’pi) + f Pk - '^■pk-i(a))(’^ Pk+i - ’^’Pk)} (1) 

After transforming the resultant curve into the plane, we have to rotate a point pj+i around the 
point Pj, and an another point pk.i around pk in such a way that the distance between the rotated 
points Pj+i’ and pk_i‘ should remain equal to the original distance between the points pj+i and Pk.i,. 
The distance can be calculated by ||pi+i - Pk-i|| = ||pi+i' - Pk-i1l* Let the angle between the vectors 
Pi+i-Pi and pi+i’-pi be denoted by 0 and, similarly, the angle between the vectors Pk-rPk and pk.i’- 
Pk denoted by (3. Then, pi+i' =^f(9), and pk_i' =f(P)- Hence, the expression to be maximized is: 
max( Ui.,.Ui+ Ui.Ui+,+ Uk-i.Uk+ Uk.Uk+i) (2) 
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It contains two unknown variables 0 and P which can be computed analytically. 

The computation described above is however rather laborious, therefore the authors applied 
a numerical procedure to find the values. The requested position of p^.i is calculated as one of the 
two possible intersection points of two circles around Pi+i’ and p^ . For easier calculation, the 
circles are transformed into a common system of coordinates. As a solution the smallest value of 
P is selected from the computed values. Since the requested change cannot be properly predicted, 
an iteration is used to find the maximum value specified by the former expression. The value of 0 
is set to a sufficiently small value (in our case: 0.1) and the value of the expression is 
recalculated. Rotation is applied whenever the computed value increases, and the original 
position is kept otherwise. Then, the value of 0 is decreased to its half unless it has reached a 
threshold value (0.0001 rads). 

An important issue related to the profile curve calculation is the estimation of the needed 
blade length. There are four geometric factors that have significant effect on the requested 
length of the blade: (a) the layer thickness to be applied, (b) the blade access directions 
adaptable to the front surface of a layer, (c) the curvedness of the front surface e, and (d) the 
allowed deviation 5 between the shape curve q and the profile curve r. Apparently, an 
unfavorable blade matching direction results in large working length for the blade. 
Nevertheless, this problem cannot be treated on the level of slicing planning, i.e., objects of 
detrimental morphological characteristics must be segmented prior to slicing. Considering 
mechanical aspects such as the risk of loosing the physical stability and stiffness, the length of 
the blade should be kept down to its possible minimum. Since we intend to cut different 
curved sectors with the same flexible blade, the set blade length is supposed to allow us to 
change the tool position. Obviously, cutting of different sectors of the object means change in 
the instantaneous positions of the reference point t of the blade. Under these circumstances 
only an estimate can be given for the initial length of the flexible blade. 



3. ALGORITHM FOR SLICING THE OBJECT INTO 
LAYERS OF STANDARD THICKNESS 

The layer thickness calculation uses the result of the curve generation together with a 
heuristic curve matching. We assume that a set W of layers of discrete (standard) thickness is 
available such as W = {wj, ... , w^}. Let’s also assume that the decomposition of the object 

has happened and all of the available segments are well-shaped. The algorithm presented 
below is targeted to one particular segment and proceeds through the steps as follows: 
Assume that a base plane f has been found that can be used as a bottom surface for the very 
first layer and that it satisfies the requirements for the best slicing position. Furthermore, let 
the segment bounded by some surface e, and then: 

1) Take the boundary curve s of the segment in the plane f. 

2) Find the curvature zones Akj, where 0<y<N, in a band of width 

boundary curve s in which the normal curvature in the longitudinal direction is moderately 
variant. It is useful to note that a curvature zone Akj is considered moderately variant if 

the curvatures Kj of two adjacent curves and qj at all of their corresponding points 
(sampled at distances proportional to their length) do not differ by more than a limit value 
p. That is, p > A/^' = Kj^ j ]^~ J<j and in practice p 0. 1 is a good choice. 

3) Let’s indicate the limits of the zones by kj For the shape curve qj at kj generate an 
approximating profile curve rj. 

4) Place one arbitrary point bj. j of the profile curve rj over the basis point bq j of the shape 
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curve qj. Let’s call this point the common point b from now on. 

5) Rotate the profile curve rj around the common point b until minimum one more common 

(intersection) point is found and the deviation 5 between the corresponding points of 
curves qj and rj is less than a 5q. Call this point the point c afterwards. 

6) If the matching described in the Step 5 failed, go to the Step 3 . 

7) Find the distances dj between the points c on curves qj and the plane f by an orthonormal 
projection. 

8) Compare the distances dj to the maximum layer thickness If all dj are bigger than 

y^mcoc^ cut the segment by a plane g, parallel to f, at a distance Otherwise, use that 

particular layer thickness w^ppi for which z = (dj- y^^ppi) is minimum and s > 0. 

9) Calculate the intersection points c’ for all curves qj. Check the extent of the remaining part 
of the segment. If it is bigger than consider the plane g as a new plane f and go to the 
Step 1. Otherwise continue with the Step 10. 

10) Find the minimum of the distances dj and find the layer thickness for which dj >w. If 

dj <^min Otherwise cut the segment by a plane g, parallel to f, at a 

distance w. 

11) Calculate the intersection points c’ for all curves qj. Check the extent of the remaining 
part of the segment. If it is bigger than consider the plane g as a new plane f and go 
to the Step 1. Otherwise indicate insufficiency and stop. 




Figure 4. The principle of error compensation for standard layers 

At the end of this process, the segment is cut into layers whose front surfaces approximate 
the pertaining nominal surface of the CAD model with a deviation less than S. However, 
when layers of standard thickness are used instead of the computed ones, reposition of the 
cutting plane from the point c to the point c’ is needed. However, by moving the cutting plane 
an overrunning step is formed since calculation for the next layer starts out of the nominal 
boundary curves again. When a standard layer thickness is used as a lower bound, the actual 
intersection points c’ on the curve q and c” on the curve r will substitute the nominal 
intersection point c (Figure 4). For instance, when d^^^^ -^max extent of the upper 

surface g will be larger or smaller than the one received when the points c’ are exactly at a 
distance distance between the actual points c’ and the theoretical places of 

the points c at the same height w from the bottom plane f (i.e., the point c”) a layer boundary 
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repositioning error ju. It has to be compensated for in order to receive at least quasi-C^ 
continuity at the interface of the neighboring layers. It means that the point c” have to be 

moved to the points c’ with the calculated pj in the direction of c" . Note that rotation of 
the curves rj generally results in under-curved or over-curved approximation. It can be proved 
however that the possible maximum value of pj is P^qj^ ^ S and it can be taken into 
consideration at the initial selection of the maximum value for 5. 




Figure 5. Calculation of the actual position of the reference point of the flexible blade in a 

particular situation 



4. ALGORITHM FOR TOOL POSITION AND TOOL PATH 
CALCULATION 

A given functional, geometric and positional relationship between a layer to be fabricated 
and the flexible blade/tool at a given moment of time is called situation. For computational 
reasons, the continuous process of layer fabrication should be broken into a given sequence of 
discrete situations. The requested number of situations to compute is jointly influenced by the 
shape of the object and the preciseness to be achieved. For constraining the requested number 
of computed situations, a threshold value is applied in the change in the curvature. There are 
three reasons of translocations (change in the tool position) in between two subsequent 
situations: (a) the profile curve r. of the flexible blade has to follow the variation of the shape 

curve q. to keep the allowed deviation 5, (b) the tool has to follow the boundary curve s of the 
front surface e of a layer, and (c) the tool has to be rotated around the point b. to compensate 

for the layer boundary repositioning error a (Figure 5). 

The tool position calculation decomposes into four tasks, namely, finding the values of 

Q 

(a) the longitudinal translocation At . due to the resetting of the blade, (b) the longitudinal 

j* 

translocation At . due to the tilting of the blade to com.pensate for the repositioning error, and 

(c) the circumferential translocation At^. due to the tool alignment, and (d) generating the 
resultant translocation At of the reference point t of the tool. While the longitudinal 
translocation at a given zone-end ^-.can be calculated from the change in the relative positions 
of the curves q. and r , for calculation of the circumferential translocation we need to know 

j j 
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the boundary curve s of the layer, that is obtained after a previous slicing. The algorithm for 
calculation of the change in the tool positions due to resetting works as follows. Knowing the 
tool geometry and the reference point a of the curve r. the absolute position of the reference 

point t. of the tool is t. = a + h. However, the actual position of curve r. is determined by its 
fitting to the curve q.. Considering that the location of the reference point v. of the curve q. is 
known (since the object is supposed to be positioned in a system of coordinates), the vector tj 

in a j-th situation can be expressed as t j = v + (b - v)j + (a - b)j + h. Furthermore, for the 

Q 

(j+l)-th situation it is t j+j = v + (b - v)j_|_| + (a - b)j+| + h. The difference is 
c c c 

At j = t j_|_| - 1 j , or in an extendeded form: 

= ((b - v)j+, - (b - v)j ) + ((a - b)j+j - (a - b)j ). ( 3 ) 

In principle, there are several ways of compensating for the repositioning errors /Uj. We 

have adapted the one which is the least computation-intensive. Actually the curve generation 
and matching procedure is not repeated, but the needed compensation is achieved by 
modification of the tool position in harmony with the errors juj. It can be also seen in Figure 4 . 

The angle of the needed rotation, t, of the tool around the common point b can be calculated 

by: T=arctg{ju ! w) , where p is the distance of cc" . The rotation r results in a displacement 

r r 

At j for the tool’s reference point t.. To calculate the longitudinal translocation At j , let's 

denote the position of the reference point t. before rotation of the matching curve r. by /j and 

r r 

the position after rotation by t at a given kj. The actual value of At j can be calculated by 

r r r r 

At . = t j4_| - t j . Knowing the angle of rotation t, and t j? we can calculate the new position 

J* 

by the expression t j +2 = v + (b - v)j + R x ((a - b)j + h), where R is a 2 x 2 rotation matrix of 

J* 

T. Finally, the longitudinal translocation At j is given by 

a/j = (R X (a - b)j + h) - ((a - b)j +h ). (4) 

c r 

Since At j and At j are coplanar vectors, i.e., they are in the plane h of the blade, their 
vectorial sum is also a planar vector. 

The circumferential translocation At^j is determined by from two subsequent positions of 
the principal plane h of the blade/tool along a boundary curve s, as required by the local 
circumferential curvatures.. The actual value of At^j can be calculated by the formula: 

At^j = t^j4_2 - t^j The place t^j of the reference point in the (j+l)-th situation is: 
= bj+i + R(Pj+|) X (R(aj+|) X (tj_|_2 - bj+j)). In the j-th situation can be expressed 
by t^j ^ bj + R(Pj) ^ (R(otj) X (tj - bj)). In the plane f the circumferential translocations is: 

AtPj = (bj+j - bj) + (R(Pj+i) X (R(aj+i) x (tj+j - bj+i)) - 
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( 5 ) 



-R(Pj)x(R(aj)x(tj-bj))). 

The resultant translocation Atj can be calculated as a vectorial sum: 

Atj = At^j + At^j + At^j . (6) 

The requested movement (translations and rotations) of the tool must be described in the 
global system of coordinates T of the six-axis sculpturing robot, used for thick-layered free- 
form manufacturing. First, to get the absolute positions of the contacts points of the flexible 
blade, the calculated relative displacements have to be transformed into the system of 
coordinates T with reference to its origin. The flexible cutter is controlled electronically to 
follow the computed tool path, while the shape of the flexible blade is modified 
electromechanically. 



5. VISUALIZATION OF THE TLOM SUBPROCESSES 

The programs for profile curve calculation, object slicing, tool position and tool path 
calculation were coded in standard C++ language. For visual presentation of the computed 
results the Open Inventor graphical programming environment was used on a Silicon Graphics 
workstation. 







Figure 6. Visualization of the profile curve computation 

The shape of the flexible blade is generated/calculated with the assumption of minimum 
strain energy and specifying the boundary conditions in terms of positions of the supports and 
tangency at the supports. The profile curve generation algorithm works in two phases. First, it 
operates in space to find locations of the points approaching to the smoothest curve. Then, 
based on the obtained approximate curve, it continues with looking for the optimum (least 
energy) planar curve in the middle plane of the flexible blade tool. The displayed results of 
shape computation can be seen in Figure 6. The computed visual model of the flexible blade 
is used practically in all steps of the virtual simulation of the layer cutting process. 
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Figure 7. Matching the tool profile curve to a shape curve 



The parameters that influence the resultant shape of the profile curve are (a) the length of 
the blade, (b) the distance between the support points of the blade, and (c) the tangent vectors 
at the start and end point of the blade. In order to deerease the in-process calculation time, a 
database of profile curves has been created by specifying appropriate values to the main 
parameters. To support selection, ten equidistant points have been sampled on eaeh curve and 
the local curvature calculated. Based on the curvature information, the curve whieh promises 
the best fitting to a given shape curve can be easily selected and used for matching. 

Different sectors of the profile curves are used to find the best fitting (Figure 7). The 
developed software tries to use a particular curve for approximation of as many shape curves 
along the periphery of a potential layer as possible at all. This way the number of tool ehanges 
and resetting can be decreased. Figure 8 shows how the front surfaee of a layer is cut out by a 
sequence of profile eurves. 

In the Section 4, the instantaneous tool positions were described relative to the nominal 
surfaces of the layer being manufaetured. A set of discrete tool reference points was 
calculated. These points, together with one or more blade-layer contact points specify the 
place and position of the tool frame. Sinee in our ease the flexible blade tool is held and 
moved by the six-axis sculpturing robot, the tool positions reeomputed in the global frame T 
of the sculpting robot. It can be achieved by applying concatenated transformation matrices to 
all of the robot elements and the flexible blade tool 

Further research is needed to optimize the process parameters and the tool path and, 
hence, the obtained quality. The on-going work focuses on the following issues of tool path 
generation: (a) consideration positional toleranees in ealculation of feature points of the tool 
path, (b) generating smooth tool path by eurve interpolation of the calculated tool positions, 
(c) optimization of the resultant tool path in terms of the minimal requested motion control, 
and (d) simulation of the front surface manufacturing process for each layer. As well, the 
visual simulation of the TLOM process is intended to present the segment and layer 
assembling subprocess (virtual recomposition) in order to reveal possible problems with 
positioning, stacking and fixing. However, the study of the methods for controlling the 
human-implemented stacking have just been recently started. 
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Figure 8. The sequence of tool positions for layer manufacturing 



6. CONCLUSIONS 

The objective of our research and development has been to come up with an effective 
technology for fabrications of large sized, free-form physical models of various soft materials 
based on higher order shape approximation. This technology proved to be feasible. To find 
the profile curve of the blade we successfully applied an extended version of the discrete 
point based minimum energy curve calculation method, first published by M. Kallay. In order 
not to exceed the allowed deviation value, a curve matching technique that manipulate on the 
best fitting part of the generated profile curve has been applied. Our slicing algorithm 
considers standard layer thickness and takes the repositioning errors occurring on the 
periphery of the layers into consideration as well. The resultant continuity in the internal 

domains of the front surfaces of the fabricated object is in longitudinal direction, and 

quasi- in circumferential direction. To get the optimal cutting results, a manufacturing 
equipment of high kinematical degrees of freedom has been used. Further work will focus on 
the optimization of the process parameters, further parallelization of the shape calculations 
and tool path calculations. 
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Machining large complex shapes using a 7 DoF device 
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Abstract A new approach to the refixturing-free sculpturing of large, arbitrarily complex shapes has 
been developed. Based on an enhanced accessibility analysis of the target shape, a reduced 
set of candidate machining orientations is determined. Then, machining takes place at very 
close distance between the tooling machinery and the part, thus achieving effective material 
removal in complex regions. Minkowski operations on the involved (dynamic) volumes are 
performed to update their multi-map representations. Performance tests, both virtual and 
physical, show that it is possible to automatically generate a strategy for material removal 
and for tool path planning. The method has been implemented on in a 7 DoF workcell called 
the Sculpturing Robot, at the Faculty of Design, Engineering and Production of Delft 
University of Technology. Presently the system is applied to perform Rapid Prototyping of 
conceptual shape models. 



1. INTRODUCTION 

The major issues of machining complex shapes can be summarized as 

1) Obtaining a smooth surface 

2) Reduction of the machining time and of changing fixtures 

3) Avoidance of any collision 

4) Reduction of the computation 

5) Automation of the machining planning 

Depending on the practical application of machining, some of these requirements may 
become more or less important. For example, in die manufacturing the issues 2 and 5 are less 
relevant than are the issues 1 and 3, In order to ensure collision abselnce, it may be decided 
to rely on extensive manual intersection testing using some graphical interactive technique. In 
contrast, high speed machining for rapid shape prototyping puts emphasis on issues 2 and 5. 




Figure 1. The Sculpturing Robot ia 7 DoF machining device. The 7^^ variable is the rotation 
angle of the tuntable, carrying the workpiece 




There is at least one application, namely finish-free shape prototyping, that involves the 
compliance with all of the five requirements simultaneously. The paper is dealing with this 
application, i.e., the materialization of CAD models safely, rapidly, accurately and fully 
automatically, using machining technology. To produce accurate, finish-free models we need 
to reduce the scallops between adjacent tool paths (Choi, Park & Jun 1993), and hence, in 
general, have to generate dense tool paths. To make the fabrication process rapid and 
automatic we need to eliminate any refixturing, and hence have to introduce redundancy in 
the machining mechanism, i.e. supply additional degrees of freedom (DoF). Although 
collision avoidance can be achieved for 5 -axis machining of sculptured surfaces (You & Chu 
1997), this task becomes significantly harder if the number of DoF increases. From these 
considerations it may be obvious that the problem of rapid prototyping based on machining is 
far from being solved. The relevance to solve this problem is high since it is expected that for 
the fabrication of large-sized objects, machining technology could be superior compared to 
common RP methods such as material deposition or layer building (Tangelder 1998, Vergeest 
& Tangelder 1996, Wall, Ulrich & Flowers 1992). In this paper we present an approach to the 
problem of RP using machining, and a hardware and software implementation for practical 
use (figure 1). 



2. DIVISION OF THE MACHINING PROBLEM INTO 
SUBPROBLEMS 

The problem of RP using machining involves the specification of the process to remove 
material from an initial stock such that the remainder of the stock is a materialization of the 
design model’s shape. In the following we will define this process in a basic form, although 
we made a number of provisions in the software to accommodate for inaccuracies and 
ambiguities in the input for the process. The design model F may specify any free-form solid 
object, or equivalently its boundary. The stock S is assumed to be, initially, a block that 
encloses F. Material is removed from by a moving milling tool T. T is convex and a strict 
set-theoretical behavior is assumed for the process, i.e.. S' = S - V, where *S"is the material 
left from S after T has swept the volume V. During the machining process T should obviously 
never intersect F. Furthermore, there are two types of collisions that should be detected and 
avoided: 1) collision of the machinery (e.g. a robot) R with the stock-in-progress S, and 2) 
collision of either R ox T with any obstacle O. The former type of collision avoidance 
deserves special treatment since S is involved, which is a dynamic object; the free space 
increases over time as S erodes. Recently, a direct analysis of the erosion of free configuration 
space was made in order to support path finding for the machining process (Vergeest, Broek 
& Tangelder 1995). They achieved a partitioning of an (up to 7D) configuration space into a) 
free regions, b) later-to-be-free regions and c) forbidden regions. Projection of these regions 
onto 3D subspaces could provide hints for collision free path planning. However, it seems not 
feasible to apply this methodology to the practical problem of sculpturing. On the contrary, it 
is known that an optimal solution even to the so-called peg and hole problem is already hard 
to achieve directly in 6D space (Joskowicz & Taylor 1996). 

In (Tangelder, Vergeest & Overmars 1998) it was proposed to subdivide the machining 
problem into an accessibility problem and a path planning problem. The former problem 
deals with the selection of (as few as possible) approach orientations from which it should be 
possible to reach the volume F. The path planning problem then deals with one of those 
orientations at a time, and performs high-precision material removal using a “just no 
collision” strategy at fixed tool orientation. The main objective was to find a feasible solution 
to the total problem rather than an optimal one. A fundamental requirement was that all 
approximations (of the objects involved and of the paths generated) should be conservative, 
i.e., collisions and improper configurations should never occur, possibly at the expense of a 
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nonoptimal process. This resulted in a method in which a weak coupling between the two 
aforementioned subproblems was maintained, as will be explained. The collision avoidance 
between the (relatively fast moving and wide-range) robot links and S has been solved 
recently and is reported here for the first time. 



3. FINDING SUITABLE TOOL APPROACH ORIENTATIONS 

The first of the two subproblems is the selection of a (preferably small) number of 
orientations for the tool T, which are to be applied later for the milling process. T is usually a 
rotation-symmetric tool, e.g. a cylinder with a spherical end. The axis of T has a direction 
relative to the reference frame in which the design model (or surface) F is defined. T is 
attached to (robot) R, which generally consists of several links in relative motion. There will 
be a part H of R which is always at rest relative to T. We will refer to H as the tool holder. 
Since H will in general not be rotation-symmetric we define the orientation d of // to be 
specified by the direction of T together with a twist angle. The goodness of an approach 
orientation depends on:l) the visibility from infinity of finite regions on the surface F, 2) the 
local curvature distribution of F, 3) the twist angle that maximizes the space for maneuver 
between H and F and 4) the (average) inclination angle of the tool relative to the local surface 
normal. 




Figure 2. Obtaining the global accessibility directions for voxel v. For each of the directions 
H; a beam of rays starting from the boundary of v into direction n, is constructed. If the 
light map of any voxel intersecting that beam contains a direction C/ opposite to n, 
then Hi cannot be an accessibility direction for v. 

The visibility of finite regions of F from a particular direction (implied by d) corresponds 
to the accessibility of F by the finite tool T having that direction. The shape of each of the 
finite regions is the intersection of F with the cylindrical part of T, having its axis parallel to 
d. This accessibility analysis is performed using a voxel approximation of F, where a global 
visibility map F(v,F) and a light map L{y,F) are assigned to each voxel v. F(v,F) contains the 
directions of those rays starting from any point inside v on the surface F that do not intersect 
F any further. Each direction is defined by a pair of angles and can hence be represented by a 
point on the unit sphere. V(v,F), which is thus a subset of the unit sphere, is approximated by 
a discrete set F(v,F) containing directions normal to the facets forming a dedicated 
tessellation of the unit sphere, called an icosahedron (Pugh 1976). F(v,F) is efficiently 
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generated by first computing the local visibility map V/’(v,F) of v as 

v,\v,F)= 

psFnv 

where F(p,F) is the discrete local visibility map at point p on the surface of F, and 
approximately equals to the hemisphere defined by the surface normal at p. If the points p in 
Fnv are sufficiently densely sampled on F then the set intersections generate a proper 
structure of local visibility voxels of F (Tangelder 1998). The light map L(v,F) of v is the set 
of those directions in which the part of surface F enclosed by v is able to send radiation, 
taking into account the local geometry of F inside v, but not occlusion by remainder parts of 
F. L(v,F) is constructed by taking the set union of the discrete hemispheres for points on Frw. 
The global visibility map F(v,F) of v is obtained by comparing its local visibility map T/'(v,F) 
to the light maps of those voxels from which v is visible (figure 2). Finally, the accessibility of 
a voxel V by the tool T is determined by the analysis of voxels in a neighborhood of v. In 
order to prevent the discretizations to introduce any overestimation of the accessibility, it is 
ensured that the visibility maps are conservative approximations, whereas the light maps are 
optimistic ones. 

The computations are very efficient since the set intersections/unions of the various maps 
are implemented as bitwise AND/OR operations. 

Depending on the morphology of F, there may exist boundary voxels which are 
inaccessible from any direction. The minimum number of directions needed to actually get 
access to the accessible voxels depends on the surface complexity as well, and typically 
ranges from 3 to 10 (figure 3). 




Figure 3. Two results from the tool approach orientation finder. 4 orientations are needed for 
the model of the iron (top); 10 orientations are required for the model of the shoe (bottom). 

Whereas the suitable tool directions are derived exclusively from the geometry F, this is 
no longer the case for the orientations. The best twist angle, for a given access direction, is 
based (among other criteria) on the availability of a collision-free rectangular box near the 
stock. Later on this box will be used as a free space in which a machining path can be 
generated without having to test intersections between, e.g., toolholder and turntable or 
between robot links and any obstacle. It will also be ensured that the free space remains 
within the workspace of the 7 DoF device. Collision detection is hence a precomputation, 
obviously mixed with the orientation selection process, which is against the separation 
principle we advocated in section 2. We therefore put two remarks. First, this mixing only 
occurs during the search for the best twist angle, not during the approach direction evaluation. 
Here we emphasize that, due to the many DoFs, and unlike in 5-axis machining, the twist 
angle can in principle take any value between 0 and 27i. Second, the computationally most 
expensive part of the collision avoidance deals with the following pairs of objects: 1) tool T 
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and design model F and 2) the toolholder H and the stock of material S. These pairs are not 
precomputed, but will be processed during the next phase, the path generation process itself. 



4. PATH GENERATION IN THE PRECOMPUTED FREE 
SPACE 

Based on the proposed tool approach orientations di, ..., the machining path 
computation is reduced to n local problems. The process starts with z-1 and calculates the 
occurring erosion S-T due to the movements of T having constant orientation d,. T can freely 
move inside the precomputed rectangular box (see section 3), except for potential {T,F) and 
intersections. For the given d, these intersections are tested using height maps of S and 
F and depth maps of H and T. The erosion of S is effected by continuously updating the S 
map. If the subprocess is exhausted, ie., no more material can still be removed at orientation 
d/, then i is incremented and the machining process is executed for the next orientation, until 
all n orientations have been applied. Due to the erosion of S, new maneuver space emerges. 
Therefore, the sequence of n orientations should be reattempted. Several rounds may be 
necessary before the whole process is completed, i.e. before no more material can be removed 
at any of the n orientations. To realize this process we needed to address a number of issues as 
follows. 

Micro-level collision avoidance . For a given orientation d, there is a continuous trade-off 
between, at the one hand, getting the tool at the lowest height (in a reference frame defined by 
d/) in order to maximize the {T,S) intersection and hence to remove as much material as 
possible, and at the other hand preventing collision between H and S. Optimally, H should 
slide just against S. Since S changes over time, this is a complex computation. We decided to 
maintain discrete z-maps of the four objects involved (F, S, FI, T) at some spatial resolution d. 
Using specialized Minkowski operations on functions, it is facilitated to efficiently detect 
intersections and to perform continuous updating of the stock-in-progress (Tangelder, 
Vergeest & Overmars 1998). The resolution d can be used to control the quality of the surface 
finish. 

Preservation of the consistency of the multiple height maps . If the machining at a 
particular orientation has finished then the z-map of S belonging to the n-\ other orientations 
should be updated in preparation of further path planning. This involves the intersection 
analysis of the n height maps in 3D space. Implicitly, the volume enclosed by these maps is a 
representation of /^(Tangelder 1998). 

Path planning strategy . As mentioned, the strategy to find a path for the tool inside the 
free space can be based on maximal depth of the tool as a function of the xy-position. This 
strategy is referred to as free space boundary following. Another strategy, which is in some 
cases more efficient, aims at moving at constant height, hence performing slicing. We 
compared both strategies using movements of the tool in zigzag patterns along the xy-plane. 
The slicing strategy appeared to perform up to four times better than boundary following, as 
far as machining time is considered (Tangelder 1998). In general it is favourable to minimize 
the number of transitions between successive straight path segments, as this will increase the 
average speed of the tool relative to S. This also provides a criterion for the choice between 
zigzagging in either x- or in y-direction. 



5. MACROSCOPIC COLLISION AVOIDANCE 

Special considerations were needed to prevent collisions between the mechanical device 
as a whole and obstacles such as the turntable and the stock-in-progress S. In addition, there 
was the risk of collision among the links of R, which should be considered as well. We refer 
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to these types of problems as macroscopic collision avoidance. We recall that the micro-level 
collision avoidance (in particular for the toolholder H) is treated differently, as described in 
section 4. We cannot use the micro-level methods for the macro-level situation since the 
objects involved (parts of R) have not a quasi-static orientation. Yet, complying to the 
principle of separation between collision avoidance and path planning, it has been attempted 
to bring the major part of the computation to the preprocessing stage. This has been achieved 
by replacing the precomputed rectangular free space boxes (one for each tool orientation, as 
described in section 3) by boxes having arbitrarily shaped bottom faces, to account for 
collisions of parts of R. The bottom face is represented by a discrete z-map, constraining the 
tool paths during the planning stage (Kovacs 1998). 

The main issue, of course, is to actually obtain the lower z-map of the free space. For a 
given grid in the .xy-plane the new boundary positions are found by letting T step down along 
the z-direction until for the assumed configuration of a collision is detected. To efficiently 
perform the collision detection, geometrical approximations of R and of S have been devised 
in such a way that 1) the volume specified by the approximation strictly encloses the original 
volume in order to avoid undetected collisions and 2) the intersection calculations are fast. 
For this last reason it is mandatory to accelerate the fundamental geometric check. This issue 
was addressed, e.g., by (Benchetrit, Lenz & Shoham 1998). They based their solution on an 
approximation of the objects using a hierarchical representation of bounding boxes. The 
fundamental check is then the intersection calculation of bounding boxes. 




Figure 4. Each link of the robot R, is at first available as a B-spline surface model. Then it is 
approximated by a number of spheres and cylinders. 

We have used spheres and cylinders as the building entities for the approximations. 
Collision detection has hence been reduced mainly to the calculation of distances between 
points (Kuczogi 1998). The geometric precision of the approximation can be controlled and 
influences the number of entities needed to represent the objects. Here the trade-off is 
between computation effort and the risk of false hits. The best balance has been achieved by 
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using relatively large spheres for the mechanism R and smaller ones for S (figures 4 and 5). 

The collision detection is performed in a preprocess; the tooltip is lowered (figure 5) and 
sphere/sphere and sphere/cylinder intersection calculations determine the free space range for 
given xF-grid (figure 6). Thus the actual free space is identified. 




Figure 5. Sphere approximation of robot, turntable and stock-in-progress. 




Higher boundary 
of the collision 
free space 




Figure 6. For each xy-gvid it is determined which range in the z-direction belongs to the free 
space. The right part of the bounding box has a wide range; the leftmost part of the 
box has coinciding higher and lower boundary, and hence zero-range free space. 



6. PRACTICAL RESULTS AND REMAINING ISSUES 

The purpose of the research was to explore the feasibility of rapid prototyping using the 
Sculpturing Robot. To this end, the machining method just described has been implemented 
in software, called MAOS, in a C++ programming environment. Emphasis was directed to the 
support of conceptual shape design. This made it necessary for the system to be rather tolerant 
with regard to the imported 3D model F. In particular the system is able to accept models that 
only roughly or even incompletely define a volume; cracks and extrusions below a (user- 
defined) size are ignored and the intended solid is reconstructed from the inaccurate data 
(Tangelder 1998). 
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What the user (the concept designer) should specify is the required spatial accuracy for 
the machining process. This obviously influences the speed of computation and fabrication. 
Finally, to support the optimal selection of the machining accuracy and to increase the 
effectiveness of the RP facility, there is an option to preview the entire machining process 
using a dedicated simulation software package called SRSIM (Walstra, Bronsvoort & 
Vergeest 1994). The eroding workpiece can be visualized either in real-time or accelerated, at 
randomly selected points in time of the process. 

Figure 7 presents a snapshot from the simulation and of the physical process of the 
fabrication of a CAD-defmed model. The design was the housing for a car mirror, 
approximately 24 cm long. Evaluation tests involving different types of 3D models have 
revealed that: 

•The orientation selection functions properly; those regions on the object’s surface that 
are beam-wise visible are actually identified. Mostly, this results in a limited number of 
approach orientations (typically 5) for the tool. 

•For each of these orientations an efficient machining strategy can be found. 

•Both micro- and macro-level collision avoidance is feasible. 

•In light plastic material, an average path spacing of about 1 mm already provided 
sufficient surface quality. 

Typically, the path planning computation takes 1 to 5 hours (on a medium-cost Unix 
workstation), and the machining duration is between 3 and 10 hours. We emphasize that the 
machining itself is a fully automatic process without refixturing or other manual intervention. 




Figure 7. The entire machining process can be previewed (left). The Sculpturing Robot in 
operation is shown in the picture to the right. 



The most challenging issues are the further acceleration of the computation, both in the 
search for optimal approach orientations and in the calculation of the machining path. 
Furthermore, it is expected that the machining time can be significantly reduced. A significant 
drawback of the present SR system is its dependence on the reachability by the tool of the 
designed surface; particularly, inner structures of the design are generally unreachable. 
Another limitation is the finite workspace of the device, which puts bounds to the dimensions 
of the produced part. To cope with these issues it will be necessary to automatically 
decompose the imported model into fully accessible portions, which can hence be machined 
and finally assembled. One current approach to this so-called hybrid rapid prototyping is the 
fast fabrication of thick slices using flexible blade cutting (Horvath, Vergeest & Juhasz 1998). 
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7. CONCLUSIONS 



We have presented a computationally feasible method for the fully automatic planning of 
machining paths for the fabrication of arbitrarily complex shapes. By separating the search for 
tool orientations and for tool paths, an appropriate balance was achieved of such aspects as 
surface quality, collision avoidance, exploitation of the high-dimensional configuration space 
and efficient tool motion planning. We have successfully evaluated the method using a 
hardware/software implementation, called the Sculpturing Robot, which is now in operation 
as a rapid prototyping facility. 
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Abstract: This paper presents a systematic tool-path generation methodology which incorporates 

interference detection and optimal tool selection for machining free-form surfaces on 3 -axis 
CNC machines using ball-end cutters. In this method, the global and local interference is 
first detected and prevented, and then the optimal tools in terms of machining time are 
selected and tool paths are generated. A system of 5 algorithms is developed to determine 
the interference area. On the basis of these algorithms, the machining time of each available 
tool is estimated by considering tool size, scallop height, and accessible surface area. 
Finally, the combination of tools which possesses the minimum overall machining time is 
selected as the optimal tool sizes. Our case study has demonstrated the validity of the 
proposed methodology and algorithms. 



1. INTRODUCTION 

The tool-path generation of free-form surfaces is a difficult task and has been addressed 
by a number of researchers since the mid-80s [1-12, 15-20, 22]. Currently, a three-stage 
approach is adopted for the tool-path generation procedure (Figure 1). The first stage is to 
construct tool paths based on the given surface geometry and machining requirements. The 
second stage is to detect and correct potential tool interference problems in the paths from the 
first stage. The third stage is to perform the NC checking and generate machine-specific G- 
code commands [3]. 

The tool interference can be classified into two types: 1. global interference - the tool 
collides with the surface when moving on it as shown in Figure 2a; and 2. local interference - 
the local surface radius of curvature is smaller than tool radius as shown in Figure 2b and 2c. 
Here, we consider that the point P in Figure 2c has zero radius of curvature. The distinctive 
difference between the two types of interference is that local interference may be avoided by 
using a smaller tool, yet the global interference persists in many cases. 

The detection and correction of tool interference is a tough problem. Several researchers 
attempt to solve the global interference problem by checking accessibility of surface points. 
Gaal et al. [5] use the concept of hidden-surface removal to check whether interference will 
happen. They impose a mesh on the design surface and test the surface normals on the grid 
points for interference. Tseng [22] presents a method for avoiding the tool interference 
problem of Bezier surfaces. His method is based on subdivision of the control polygon. Since 
the subdivided control polygon approximates the surface, an interference-free control polygon 
will correspond to an interference-free part surface. Lee [10] develops a two-stage strategy for 
determining the interference-free tool access direction. In the first stage, he takes advantage of 
the convex hull property of NURBS to find a quick but conservative range of feasible tool 
orientations. If the first stage fails, the second stage - a detailed feasibility check which uses 
exact surface normals, is employed. 




For the local interference problem, Bobrow [1] presents an iterative algorithm to eliminate the 
interference at the transitions between surfaces. Choi et al. [4] present a robust method for 
local interference problem in 3 -axis machining. They convert CC data points into triangular 
mesh. A two-stage interference check on the mesh points is performed by testing the distance 
between the cutter center and the mesh facet. In the first stage, interference detection and 
correction are performed on concave regions of the surface. In the second stage, new CL data 
are inserted to prevent interference on convex regions of the surface. Oliver et al. [15] notice 
that the locus of CL points forms a so-called “butterfly” pattern in the interference area. They 
present an algorithm for detecting the pattern and thereafter eliminating interference. Tang et 
al. [19] adopt an offset-surface approach. They offset the part surface to form an offset surface 
and then sweep the offset surface parallelly to form tool paths. 




SURFACE MODEL 
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Figure 1. The schematic procedures in current tool-path generation method 



In our opinion, the important role of tool size has been largely overlooked in the current 
tool-path generation scheme. In fact, the tool can greatly affect the total machining time and 
hence the cost. The larger the tool, the shorter the paths for the same scallop height allowance 
and the higher feed-rate we can apply to cutting. In machining practice, some surfaces are 
required to be machined in one cutting pass, therefore the largest tool without interference is 
the optimal tool. For surfaces which can be cut with multiple tools, a combination of tools 
which can result in the shortest machining time is the best. 



Global 




(a) (b) (c) 

Figure 2. The global and local interference 
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This paper presents a systematic methodology which incorporates interference detection 
and optimal tool selection into the tool-path generation process. The resulting tool paths are 
for 3 -axis CNC machines with ball-end cutters. 

2. NEW TOOL-PATH GENERATION SCHEME 

Aimed to improve machining efficiency by using the optimal tools and path topology, a 
new tool-path generation scheme for 3 -axis machining is proposed and shown in Figure 3. 
Unlike the existing scheme, the first stage of the new scheme is to check the global and local 
interference. This rearrangement is valid because the interference problem is relevant only to 
surface and tool geometry in 3 -axis machining [4]. The results from this stage are the 
accessible surface areas for each individual tool size. 




Figure 3. A new tool-path generation scheme with optimal tool-size selection 

In the next stage, optimal tool-path topology is selected by considering the shape of 
interference area. Although automatic selection of optimal tool-path topology is possible [11], 
a user-interactive process is adopted for simplicity in this research. 

The third stage is to select a tool or a combination of tools which can result in the 
shortest machining time. For a surface which has to be machined without tool change, the 
largest tool without causing interference problem is selected. Otherwise, the machining times 
of different combinations of tools are estimated and compared. The combination with the 
shortest time is selected as optimal. A model for estimating the machining time is here 
developed based on tool size, feed-rate, scallop height requirement, and area of targeted 
surface region in section 5. 

In the last stage, the final interference-free tool paths are constructed based on the 
optimal tool sizes, the accessible surface areas, scallop height, and path topology. 
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The main advantage of this scheme is that it allows the selection of optimal tool 
size and topology, and hence, higher machining efficiency can be achieved. Methods 
for checking the global and local interference are the essential parts of this new tool- 
path generation scheme. In the next two sections, a systematic method and 
corresponding algorithms are presented to tackle the global and local interference. 



An iso-inclination curve 




3. GLOBAL INTERFERENCE CHECKING 

The global interference is caused by problematic surface geometry. It can happen in three 
scenarios: 1. there exists some part of surface where the angle between surface normal and 
tool axis exceeds 90° (see Figure 4a); 2. some part of surface is invisible if viewed from the 
direction of tool axis (see Figure 4b); and 3. the tool collides with surface boundary (see 
Figure 4c). We name these three scenarios Protrusion Interference (PI), Overlapping 
Interference (01), and Boundary Collision Interference (BCI). Note that these three types of 
interference are not mutually exclusive. Some surfaces can have all of them. Furthermore, the 
01 is always accompanied by BCI, but not vice versa. 

The global interference is solved in three phases according to the three scenarios. In the 
phase I, the PI is detected by applying the iso-photes and iso-inclination curves. In the phases 
II and III, the 01 and BCI are identified by projecting, offsetting, and traversing the boundary 
curves. The final result is the global-interference-free areas on the surface. 



3.1 Phase I: Protrusion Interference (PI) Checking 



Algorithm 1 describes the procedure to detect the protrusion interference. It has three 
steps: 

Step 1: Sorting critical iso-inclination curves Consider a part surface P(w, v) defined in 
parametric form as shown in Figure 5. In mathematics, the unit surface normal is 



n(i/,v) = [^^ riy 



't 



F ' xP^ 
|P'' xP" 



( 1 ) 



where [n^ are the three components of the surface normal n . An iso-phote is 

defined as a region on the surface where the normal vector n{u,v) does not differ by more 



than a prescribed angle from a fixed reference vector V . The boundary curve of the iso-phote 
is called iso-inclination curve. The angle between the normal vector of a surface point and 
the fixed reference vector is named inclination angle. Referring to Figure 5, is an 
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iso-phote on the free-form surface P(w,v) where the inclination angle is in the range of 
- The curves C, (i = 1, 2 ...) are iso-inclination curves. The iso-photes are 
originally used in computer graphics for their ability in shape feature detection. 

Let the reference vector V = (0, 0, 1), then by simple vector analysis on the normal 
vector, the inclination angle at a point on surface is given as 

r ^ 



0 = arccos 



( 2 ) 



I 2 ~ : 

Also by vector analysis, the governing equation of the iso-inclination curves is obtained 



as 
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dx 
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Figure 6. PI detection: (a) critical iso-inclination curve; (b) visible part of the critical iso- 
inclination curve (bold curve); (c) boundary of PI 



Theoretically, the locus of the iso-inclination curve in the uv plane can be obtained by 
solving Eq. (3). However, numerically solving the equation is difficult when surface P(w, v) 
is modeled in complex parametric form. To overcome this problem, a grid-line based 
numerical algorithm is developed in Han and Yang [6]. In this research, we are interested in 
the 90° iso-inclination curves, called the “critical” iso-inclination curves here. In case that a 
critical iso-inclination curve is not a closed curve, the boundary curve of surface is traveled to 
close it. Figure 6a shows a free-form surface and its critical iso-inclination curve. 

Step 2: Identifying the visible part of the critical iso-inclination curve This is done by 
projecting the closed curve onto XY plane and testing the direction of normal of each point 
on the curve. The normal vector is on XY plane since the inclination angle is 90°. If the 
normal points to the outside of the closed curve, then the point on the curve is visible. The 
bold curve in Figure 6b is the visible part of the critical iso-inclination curve. 

Step 3: Determining the PI boundary Obviously, the visible iso-inclination curve is one 
part of the PI boundary. The other part is the contact trace of tool sphere while the tool 
touches the visible iso-inclination curve. A method similar to Hwang [9] is used to calculate 
the contact points. Figures 6c shows the boundary of PI area for the example surface. 



Algorithm 1: PI checking 

Input. Surface p(m, v) 

Cutter radius R 
Number of grid lines Ng 
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Output: The boundary curve of Pl-free area 

Algorithm: 

Interference PI ( V(u, v) , Ng) 

Begin 

A Ng X Ng grid is imposed on P(w, v) . 

IsoCurve <= calculated the critical iso-inclination curve. 

if (IsoCurve is empty) exit; 

else if (IsoCurve is not a closed curve) 

IsoCurve <= IsoCurve + boundary curve; 

VisibleCurve <= the visible part of IntCurve is determined by projecting IntCurve to 
XY plane and testing the surface normal. 

ContactTrace <= the contact points between tool sphere and surface are calculated. 
BoundCurveSD <= VisibleCurve + ContactTrace; 

End 




(d) (e) 

Figure 7. 01 and BCI detection: (a) a 3D surface; (b) projection of the boundary curve; (c) 
Ol-free areas; (d) offset curves; (e) the BCI-free areas. 



3.2 Phase II: Overlapping Interference (OI) Checking 

The 01 is detected by traversing the projected surface boundary curve as stated in 
Algorithm 2. The algorithm is illustrated in following example. 

Let the cutter radius be R and the surface be P(w,v) as shown in Figure 7a. The 
boundary curve O is extracted from surface model and stored in a bi-directional linked list. 
The curve O is projected onto XY plane and becomes a 2D closed curve O (Figure 7b). 
The next step is to find the self-intersection points on the curve O . These points are inserted 
into the linked list of boundary curve O with Z coordinate obtained by linear interpolation. If 
there is no such self-intersection point, then the whole surface is visible. Otherwise, the 
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visible area on surface is found by traversing the list O . The rule for traversing is described 
here. Refer to Figure 7b, the traversal starts from the point with the highest Z value. Points on 
list O are copied to a new list until an intersection point is met. In that case, the Z values of 
the current point and its pairing point are compared. If the current point has the higher Z 
value, the point are copied and the traversal continues with the next point on list O . 
Otherwise, the traversal jumps to the pairing point and moves on the reverse direction. The 
XY coordinates on list O are copied to the new list. The Z coordinate is calculated by 
mapping XY coordinates onto surface P(w, v) . When the next intersection point is met, the 
traversal Jumps again to the pairing point without condition. The procedure continues until 
the new list becomes a closed curve or no more untested point in list O . Based on the above 
procedure, the visible areas of surface P(w, v) are detected and shown in Figure 7c. 

Algorithm 2: 01 checking 

Input Surface P(w, v) 

Cutter radius R 

Output: The boundary curve of Ol-free area 

Algorithm: 

Interference_OI( P(w, v) , R) 

Begin 

O <=: boundary curve of P(w, v) 

(p O is projected onto XY plane. 

Calculate the self-intersection points of O . 

0<= O is mapped back to 3D. 

List O is re-ordered with the head point having the highest Z coordinate. 

List O is traversed to form the boundary of Ol-free area. 

End 



3.3 Phase III: Boundary Collision Interference (BCI) Checking 

The BCI is avoided by checking the offset curve of surface boundary (Algorithm 3). 
Referring to Figure 7d, the boundary curves 0| and O 2 are projected onto the XY plane 

and become 2D curves and O 2 , respectively. The curves F| and T 2 are the offset 
curves of Oj and O 2 with offset distance equals to the tool diameter 2R. The same Z values 
as their offset point are stored in Tj and T 2 , respectively. The 2R offset is to guarantee that 
we can have a safe estimation of the collision-free area by traversing these curves. 

The lists and Tj are traversed to construct the collision-free area. Referring to 

Figure 7d, the traversal starts with list Oj from the point with the highest Z value. Points of 
list Oj are copied to the new list until an intersection point between Oj and Fj is met. In 
that case, list Fj is traversed in reverse direction and new calculated points are inserted to the 
new list. The XY coordinates of new point are the same as that of corresponding point on 
listFi . The Z coordinate is calculated by projecting XY coordinates onto surface P(w,v). 

When the next intersection point is met, the traversal is switched back to list Oj . The 
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procedure continues until the new list becomes closed curve. The same procedure is applied 
to O2 also. Figure 7e shows the final collision-free areas of the surface P(w, v). 



Algorithm 3\ BCI checking 

Input. Surface P(w, v) 

Cutter radius R 

Output The boundary curve of BCI-free area 

Algorithm'. 

Interference_BCI( P(w, v), R) 

Begin 

O <= boundary curve of P(w, v) 

O O is projected onto XY plane, 
r O is offset with value of 2R on XY plane. 

Calculate the intersection points between O and F on XY plane. The points are 
inserted into the lists and marked. 

Lists O and L are traversed, and points are copied to the new list W 
according to the rule described in the paper. 

is mapped back to 3D to form the final BCI-free boundary. 

End 





Figure 8. The TIA is normally larger Figure 9. The OIAs of cutter radii 

than the 01 A 3 mm, 4mm, and 5mm 



4. LOCAL INTERFERENCE CHECKING 

The local interference occurs when the normal curvature of the part surface is larger than 
that of the ball-end tool. As pointed by Choi and Jun [4], the above condition is both 
necessary and sufficient. In other words, the local interference can be completely identified by 
checking the surface normal curvature. In this research, the area where the local normal 
curvature is larger than that of tool is called original interference area (OIA). The total 
interference area (TIA) is usually larger than the OIA as illustrated in Figure 8. Therefore, a 
2-phase approach is adopted in this research. In the phase I, the OIA is found by applying 
curvature theories from differential geometry. In the phase II, the TIA is found by locally 
searching the nearby area of OIA. 



254 




4.1 Phase I: Original Interference Area (OIA) Determination 



Metrics of free-form surfaces For a parametric surface P(w,v), the normal curvature of a 
point on surface varies along the direction of measurement. However, there exist two 
principal directions along which the normal curvatures are of the maximum or minimum 
values [21]. In mathematics, given a point P(w,v) on surface, the maximum and minimum 
normal curvatures k^ 2 expressed as 



a :, 2 =H±Vh^ -K 
^_ EN-2FM + GL 
2{eG-F^) 

^ LN-M^ 

EG-F^ 

where H represents the mean curvature; 

K, Gaussian curvature; and 
E = \ F = P"*P"; G = P"«P"; 



(4) 

(5) 

( 6 ) 



Detection of OIA A grid-line based algorithm is developed as depicted in Algorithm 4. It 
has two steps. Step 1 is to calculate the normal curvature at each grid point according to Eqs. 
(4)-(6). Recall that surface normal n and first order derivatives P" and P^ at the grid point 
have already been calculated when PI is checked. Therefore, only the second derivatives P"'" 
and P"'" need to be calculated. Of the two principal curvatures, if both are positive or 
negative, the one having the larger absolute value is stored as the normal curvature. 
Otherwise, the negative one is stored. In step 2, the boundary points of OIA are identified and 
linked to form a closed 2D curve in uv space. The method here is similar to that used in 
generating the iso-photes. The boundary points are found by interpolating the proper grid 
interval; and these points are linked by sorting for neighborhood relation. Based on this 
algorithms, the OIAs of a B-Spline surface with 6X11 control points are calculated and 
shown in Figure 9. 



Algorithm 4\ The detection of OIA 

Input'. Surface P(i/, v) 

Cutter radius R 
Number of grid lines Ng 
Output'. The boundary curve of OIA 

Algorithm'. 

OIA(P(«,v),R,Ng) 

Begin 

A Ng X Ng grid is imposed on viu, v) . 

Surface metrics, i.e. E, F, G, L, M, N, K, H, and /Cj 2 , are calculated at the grid points 
according to Eqs. 4-6. 




if(i?i -R2>0) 

The one between and R 2 which has smaller absolute value is stored in an array 
R[N,][Ng]. 
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else 

The one between and R 2 which has negative value is stored in the array 
R[Ng][NJ. 

OIAPoints <= the points with radius of curvature equals to R are calculated by 
interpolating array R[Ng][ Ng]. 

OIABoundary <= the OIAPoints are sorted and linked according to the neighborhood 
relation to form the OIA boundary. 

End 



4.2 Phase II: Total Interference Area (TIA) Determination 

Referring to Figure 9, the boundary of TIA is larger than that of OIA by a distance up to 
the tool diameter 2R when projected onto XY plane. Therefore, the TIA can be found by 
locally checking the distance between tool center and surface around the OIA. 

Algorithm 5 outlines the checking procedure. In the algorithm, a local grid is first 
imposed around the OIA (Figure 10). The boundary of this local grid is determined by 
ensuring its distance to the points of OIA list is larger than 2R. Then, the grid point is offset 
along the surface normal by an amount of tool radius. The distances between the offset point 
and all grid points are calculated. The smallest distance is stored. Figure 11a shows the result 
from this step. Next, the boundary points of TIA are identified according to the distance. At 
last, the boundary points are linked by sorting the neighborhood relation among the points. 
Figure 1 lb shows the TIAs for cutter radii 3mm, 4mm, and 5mm. 




Figure 10. A local grid is imposed around the OIA 



Algorithm 5: The TIA checking 

Input. Surface P(w, v) 

The boundary curve of OIA - OIAList 
Cutter radius R 

Parametric increments Aw and Av 
Output: The boundary curve of TIA 

Algorithm: 

TIA(P(«,v),OIALists,R, Am, Av ) 

Begin 

A local grid is imposed around OIAList with Aw and Av . 
for (each grid point) 

Grid point is offset by R along the normal direction. 

The distances between the offset point and all other grid points are calculated, and 
the smallest distance is stored. 
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TIApoints <= the stored center- surface distances is tested to find the TIA boundary 
points. 

TIAlist <= the TIApoints are sorted to form the TIA boundary. 

End 



5 OPTIMAL TOOL SELECTION 

In the previous two sections, methods for detecting the global and local interference have 
been developed. On the basis of these methods, another procedure for selecting the optimal 
tool size(s) in machining part surface with/without tool change is presented in this section. 



5.1 Goal of Optimization 



For milling processes, the optimal combination of tool sizes is the one which results in 
the minimum machining time. Thus, if the number of tool change is , the time required 

for each tool change is the radii of cutters are i?/(/=l, ..., and the corresponding 



machining times are , the goal of optimization G is 



Li 



G = 



f N,, 



mm 






(7) 



V/=i J 

A model of machining time is established here. Suppose that the length of tool path is 
and the feed-rate is , the machining time will be 



k 



fi 



( 8 ) 




Figure 1 1 TIA detection: (a) center-surface distance; (b) TIAs of cutter radii 3mm, 4mm, and 

5mm. 

The length of tool path, in turn, depends on several other factors, i.e. the area of machining 
, cutter radius , scallop height h , size of path interval g, , and path topology. The 

effect of path topology on the resulting length of tool path is complicated and beyond the 
scope of this research. Therefore, only the zigzag paths are considered here (see Figure 12). 
Let SiQ and be the lengths of the outer and inner boundaries of , then the length of 
tool path is estimated as 
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2 






The path interval ean be ealculated by approximating surfaee eurve with straight line 
[18], thus 

g, = 2^Rf-{R^-hf = 2^2R,h-h^ (10) 

Substituting Eqs. (9) and (10) into Eq. (8), we have the simplified model of machining 
time as 



A, 



^io + ^ a 



2fi^2R^h-h^ 2 /, 



Finally, substituting Eq. (11) into Eq. (7), the goal of optimization becomes 



G = min 



+ — -+t,. 



2f,^2R^h-h^ 



( 11 ) 



( 12 ) 






The number of tool changes is limited to within 3, i.e. < 3 . Too many tool changes 



is generally not desired in machining practice since it can affect surface finish and cause 
unnecessary tool wear. 



5.2 Optimization Procedure 

A free-form surface is studied to illustrate the optimal tool selection procedure. As 
shown in Figure 13a, the surface is a B-Spline surface with 6x11 control points. The middle 
part of surface is of concave shape. 




Figure 12. The tool-path topology for avoiding interference 

Following machining condition is adopted. The required scallop height h = 0.1 mm. The 
radii of available tools = 19.05 mm ( % ), = 15.875 mm (% ), = 12.7 mm (j/^ ), 

=9.525 mm (X"), = 6.35 mm (X" X = 4.7625 mm ( X6" X = 3.96875 mm 

(%2 X 7^8 = 5.175 mm (X ). The feedrates f\=fi- /s = 152.4 mm/min (6in/min), 
X = /5 =127 mm/min (5in/min), fe=fi= /g =101.6 mm/min (4in/min). The tool change 
time = 1 minute. The optimization is performed in following steps: 

Step 1 Check the global interference by Algorithms 1 and 2. If the interference does 

present, user is warned and asked for revising his design. In case that the warning is ignored, 
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the accessible surface area is evaluated and stored. There is no global interference in this 
example surface. 

Step 2 Calculate the TIAs for the available tools by using Algorithms 3 and 4. The 

calculation ends when either the TIA of a tool is zero or the smallest tool is reached. As a 
result, a set of tools (called the candidate tools) and their corresponding TIA boundaries are 
formed. For the example surface, the candidate tools are R^, R 2 , R^ , R 4 , R 5 , R^, and R ^ ; 
and Figure 13b shows the TIAs. 

Step 3 Calculate the accessible area, gouge area, and lengths of outer and inner 

boundary for each candidate tools. The results are shown in Table 1. 

Table 1 The accessible area of the candidate tools 





Ri 


R2 


R3 


R4 


Rs 


Re 


R7 


Accessible Area (mm^) 


2012 


2122 


2263 


2495 


2779 


2863 


2869 


Gouae Area 


857 


747 


606 


374.2 


90 


6.1 


0 


Outer Boundary fmm) 


253.8 


141.4 


135.7 


128.1 


114.9 


43.29 


11.59 




(a) a free-form surface (b) TIAs for different cutters 




(c) the machined surface with two cutters 



Figure 13. Optimal tool selection 

Step 4 Based on the general shape of TIA and surface geometry (Figure 13b), the 

iso-parametric machining on u direction is the preferable tool-path topology. 

Step 5 According to user specified number of tool changes, combinations of the 

candidate tools are formed. The smallest tool of the candidate tools, R ^ , is included in every 

combination so that the whole surface can be machined. For each combination, the machining 
time is calculated according to Eq. (12). 
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Tables 2, 3 and 4 show the machining time for different combinations when desired 
machining passes are 1,2 and 3, respectively. 

Table 2 The machining times for 1-pass machining 



Combination 


R? 


Mach. Time (min.) 


18.20 



Table 3 The machining times for 2-pass machining 



Combination 


R 1 & Rj 


R 2 & R 7 


R 2 & R 7 


R4 & Rj 


R j & R 7 


R^ &Rj 


Mach. Time (min.) 


12.14 


12.01 


11.92 


13.13 


13.63 


17.91 



Step 6 Compare the machining times for the combinations and select the one with the 
shortest time as the optimal tool sizes. If only one machining pass is allowed, tool Rj will be 

the optimal tool. Form Table 3, the combination of and Rj is the best for machining the 
surface with 2 passes. For 3-pass machining, one should choose the combination of R-^, R^ , 
and Rj . Comparing to 1-pass machining, the 2-pass and 3 -pass machining can result in 
34.5% and 35.1% time savings. The 2-pass machining is then selected since it asks for less 
tool changes. Figure 13c shows a picture of the machined surface with cutters R^ and Rj . 

The tool paths are iso-parametric. The real machining time is fairly closed to the predicted 
time. 

Table 4 The machining times for 3 -pass machining 



Combination 


R,.R 2 .R 7 


R ] , R 3 , R 7 


R j , R 4 , R 7 


R I, R5, Rj 


R 1, Ret R? 


Mach. Time (min.) 


13.62 


13.08 


12.72 


11.81 


12.84 


Combination 


Rj, R3, R? 






R 2> Re> R 7 


R 3, R 4, R 7 


Mach. Time (min.) 


13.35 


12.89 


11.91 


12.76 


12.18 


Combination 




R 3, R(5, Rj 


R 4 , R 3 , R 7 


R4, R(3, Rj 


R5, R3, Rj 


Mach. Time (min.) 


12.12 


12.74 


13.92 


14.17 


14.71 



6. DISCUSSIONS AND CONCLUSIONS 

The optimal tool selection method presented in this paper is designed for any type of 
parametric surfaces to be machined; and it is used as an inline process in producing 
interference-free high-efficiency tool paths for 3 -axis NC machining using ball-end cutters. 

All algorithms presented are implemented and tested. Algorithms 1, 4, and 5 are grid- 
line based. They are fairly robust and concise but demand high computational power if very 
fine resolution of grid is imposed. Since a linear interpolation is adapted in algorithms 1 and 
4, the number of grid line does not have to be very high. From our experience, a 100 x 100 
grids is sufficient for a 125mm by 125mm surface. Algorithm 5 demands higher resolution to 
determine the TIAs accurately. Normally, one can get smooth TIA boundary curve if the 
density of grid is doubled. It should be pointed out that algorithm 5 uses only local grids 
while algorithms 1 and 4 need global grids. Furthermore, the error caused by the interpolation 
procedure in algorithm 4 can be remedied by algorithm 5 since it is a complete searching 
process. The resulting collision-free area from Algorithm 3 is conservative. The algorithm 
could be improved by adaptively offsetting the projected boundary curves. Finally, although 
algorithms 1, 2 and 3 are designed for detecting the global interference, they can also be 
incorporated in computer aided process planning (CAPP) systems as tools for testing surface 
manufacturablity. 
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A model of machining time for different tool sizes is proposed. In the model, machining 
time is determined by considering path interval and accessible surface area. Some key 
simplifications are: 1. the path interval is calculated by assuming flat surface; and 2. the tool- 
path topology is assumed to a zigzag pattern as shown in Figure 12. According to our case 
studies, the predicted machining time from the model agrees with the real machining time 
well. This subject deserves some more study. 

Currently, a comparison of all possible combinations of tools is performed to determine 
the optimal tools. This could be a time consuming procedure when the number of available 
tools is large. We believe that sound searching strategies can be found either heuristically or 
analytically to simplify this process. 
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Abstract: Presented in this paper is a new approach to three-axis NC tool path generation for 

sculptured surfaces. In the proposed curve-based approach, the gouge-free tool paths are 
generated from a polyhedral model of STL form. The polyhedral model is offset using local- 
offsetting scheme. Then, the offset elements such as triangular facets, trimmed cylinders, and 
trimmed spheres are sliced by a series of drive planes. The curve segments on a drive plane 
are sorted, trimmed and linked, while the concave gouge is removed during the trimming 
process. The method is implemented on a PC, and some illustrative examples are provided 
in this paper. The main advantage of the proposed method is that a polyhedral model can be 
machined without any concave and convex gouge, especially on a NC machine supporting 
NURBS interpolation. 

1. INTRODUCTION 

One of the critical problems in generating tool-paths for a compound surface is cutter 
gouge (or interference). Various research works [1-7] have been done to solve the problem. 
There were several previous studies related to the gouge-free tool path generation for a 
polyhedral model, ineluding those by Duncan [1], Choi [2], Hwang [3], etc. The polyhedral- 
based tool path generation approach is very robust in that it prevents the cutter from gouging 
the polyhedron without numerical stability problems. 



(xi, yi) (x:, y:) 




(c) 

Figure 1. Point-based approaches and a curve-based approach to tool path generation for a 

polyhedral model (2D view) 




In the previous studies, for a given cutter center axis (Xj, yj), the highest cutter position Zj 
is determined by lowering the cutter until it touches any triangular facet under the cutter, as 
shown in Figure 1(a). Another method finds the intersection points of inverse tool offset 
surfaces with a cutter axis, and takes the highest point as the cutter position [5] (Figure 1(b)). 
The next position (X 2 , y 2 , Z 2 ), which is distant by an adequate step-length from position (Xj, yj, 
Zj), is calculated by the same process. The cutter moves from position (Xj, yj, zf to position 
(X 2 , y 2 , Z 2 ) linearly. Hereinafter, this method is called a 'point-based approach'. The point- 
based approach has inherent limitations in the accuracy of convex gouge handling, and in 
identifying sharp-turn points in concave regions (Figure 1(c)). The sharp-turn points are used 
to tracing pencil-cut tool-paths [6]. 

A new method proposed in this paper is a 'curve-based approach'. In this approach, a 
tool path is generated as a compound curve, not as a sequence of points. Conceptually, this 
type of tool path can be obtained by intersecting the offset surface (or CL-surface [6]) with 
drive planes. However, it is very complex and time-consuming to calculate the offset surface 
of a polyhedron model exactly and completely. In this work, the offset elements of the model 
are calculated exactly in convex regions, but the ones in concave regions are overlapped. The 
overlapped portions are removed clearly after obtaining intersection curves. This method is 
simple and efficient, as well as can overcome the limitations of the point-based approach. The 
efficiency of the method comes from the fact that it makes better use of topological 
information and geometric characteristics of the polyhedral model, while most of the previous 
works treat the facets of the polyhedral model individually. 



2. OFFSET OF POLYHEDRAL MODEL 

Introduced in this section is a local-offsetting scheme for a polyhedral model. Since the 
global-interference between the offset elements that are not adjacent to each other, is complex 
and time-consuming to handle in a three-dimensional offsetting process, the scheme treats 
only the local-interference between adjacent offset elements in the process. Then, the global- 
interference is removed during the two-dimensional CL-curve linking stage. Figure 2 depicts 
a 2D version of the local- and global-interference in the offsetting process. In Figure 2(b), the 
interference of the two offset facets is global in that the two offset facets are not adjacent to 
each other. In the offset model obtained by this scheme in Figure 1(c), the local-interference is 
cleared, but the global-interference (the overlapped portions in the convex region) remains. 
On the other hand, the offset model of Figure 1(b) has both local- and global- interference. 
Offsetting like Figure 1(b) may be called ‘individual offsetting’ comparing to the local- 
offsetting. 

Based on the local-offsetting scheme, all the facets of the polyhedron are offset to the 
same triangular facet, translated to the normal direction of the facet by the amount of the 
cutter radius, and only the convex edges and vertices are offset to trimmed cylinders and 
trimmed spheres, respectively. 



Global interference 




Figure 2. Local- and global-interference in offsetting (2D version) 
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2.1 Offset of an edge 

The attribute for the geometric characteristics of an edge can be classified into three 
different categories: convex, concave and flat. The attribute of an edge can be determined by 
the two adjacent triangular facets connected to the edge. As for an edge on the model 
boundary, in order to determine the attribute, a virtual facet parallel to the z-axis is adopted as 
shown in Figure 3. 

Only a convex edge forms a cylindrical surface when it is offset (see Figure 4). The 
cylindrical face is bounded by four boundary curves: two circular arcs and two lines. The 
lines are coincident with the boundaries of the adjacent offset facets since the cylinder is 
trimmed by the facets. The circular arcs are represented in a quadratic rational Bezier curves. 




Figure 3. Determining the attribute of a boundary edge 




2.2 Offset of a vertex 

The attributes of geometric characteristics for a vertex are classified into convex, concave, 
flat, and saddle. Figure 5 shows the surfaces generated by offsetting different characteristic 
vertices. A spherical surface is generated from only the convex vertex. The spherical surface 
is bounded by circular arcs. The arcs are coincident with those of the adjacent cylindrical 
surfaces from the edges connected to the vertex, in that the sphere is trimmed by the cylinders. 
The offset surface is G^-continuous in the convex region. 

The attribute of a vertex is defined by the attributes of the edges connected to the vertex. 
Table 1 shows the attribute of a vertex for various cases. To define the attribute of a vertex on 



Table 1 Attribute of a vertex determined by the attribute of the attribute of connected edges 



No. of 
Edges 


Attributes of the edges 


Attribute of the vertex 


Spherical 

surface 


3 


All the edges are convex 


Convex 


Generated 


All the edges are concave 


Concave 


Not 


All the edges are flat 


Flat 


Not 


4 


More than 3 edges are convex 


Convex 


Generated 


Otherwise 


Saddle, concave, or flat 


Not 


Over 

4 


A new polyhedron with only convex 
edges can be reconstructed 


Convex 


Generated 


Otherwise 


Concave, saddle, or flat 


Not 
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SADDLE FLAT 

Figure 5. Offsetting of vertices with different attributes 




Figure 6 . Defining the attribute of a boundary vertex 



the model boundary, we adopt a virtual edge and two additional virtual facets that are vertical 
as shown in Figure 6. 

When the attributes of the edges connected to a vertex are mixtures of convex, concave, 
and flat ones, it is not straightforward to define the attribute of the vertex. In this study, the 
polyhedron surrounding the vertex is reconstructed after removing the concave edges until all 
the edges become convex. If the number of the remaining convex edges is less then three, a 
spherical offset surface is not generated from the vertex. Figure 7 shows the procedure for 
reconstructing a polyhedron with convex edges to obtain the bounding curves of the offset 
spherical surface from the vertex. Note that the edge Ej is convex on the original polyhedron 
(Figure 7(a)), if its attribute changes to concave in the intermediate polyhedron (Figure 7(b)), 
and it is removed in the final model (Figure 7(c)). In the Figure 7(d), you can see that the 
cylinder Cj, the offset element of the edge E^, is located outside of the trimmed boundary of 
the offset sphere. Therefore, the edge is of no use for generating the offset spherical surface. 
Figure 8 shows the boundary curves of the elements of the offset polyhedral model. As 
mentioned earlier, the offset elements at convex regions are exact, but the ones at concave 
regions are overlapped. The overlapped portions are removed in the CL-curve linking process. 






Figure 7. Procedure to obtain the bounding curve segment of the offset spherical surface 
from a vertex of a polyhedral model 
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(a) 



(b) 



Figure 8. A polyhedral model and its local-offset model 



3. CL DATA GENERATION FROM POLYHEDRAL 
MODEL 

The overall procedure for generating tool paths is shown in Figure 9. The input data of 
the procedure are a polyhedral model of the STL form and the machining conditions, and the 
output is CL-paths of quadratic rational Bezier curve form. 

3.1 Slicing an offset triangle facet 

In the slicing process, instead of searching offset elements intersected with a given drive 
plane, a range of drive planes over an offset element is determined. Then, the element is sliced 
with the planes at once. The sliced curve segments are stored separately in the corresponding 
planes. This method reduces the time to search the offset elements and does not need to store 
the elements after slicing. 

Since the drive planes are parallel to the xz-plane, the minimum and maximum y-values 
of a triangle are used to find the drive planes ranged over the triangle. The intersection 
between a plane and a triangle can be obtained simply by computing two intersection points 
between the plane and the edges of the triangle. The intersection line is called a cutter- 
location curve (CL-curve). 

3.2 Slicing a cylindrical surface 

The offset of a convex edge forms a cylindrical surface, which is bounded by four curves: 
two circular arcs and two lines. The intersection between the cylindrical surface and a drive 
plane can be obtained by intersecting the bounding curves and the plane, and the result can be 
a straight line, an elliptic arc, or two elliptic arcs. The elliptic arc is represented by a quadratic 
rational Bezier curve(Figure 10). 

3.3 Slicing a spherical surface 

A convex vertex is offset to a spherical surface bounded by circular arcs. In order to 
obtain the intersection between a drive plane and a spherical surface, the intersecting points 
Vq and V 2 between the plane and the bounding arcs of the surface are calculated first. Then, 
the center point B of the sphere is projected on the drive-plane to the normal direction of the 
plane to obtain the center point C of the circle (Figure 11). The quadratic rational Bezier 
control point and the weight at are calculated by Vq, V 2 , and the center point C. 
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Figure 9. Overall procedure for CL data generation 

3.4 Sorting, trimming, and linking the CL-curves 

The CL-curves on a plane are sorted by the x-values of the start points of the curves. If 
two curves intersect, the curves are disjointed at the intersection points. The intersection point 
of line/elliptic-arc or line/line is computed analytically, while that of elliptic-arcs is obtained 
through a subdivision method. If two curve segments are overlapped, then the lower one is 
removed (see Figure 12). The resulting sequence of CL-curves becomes a CL-path, which is 
free of concave and convex gouge. Figure 13 shows the untrimmed CL-curves, and the CL- 
paths for machining a polyhedral model. 



w 




Figure 10. Intersection between a cylindrical surface and a drive plane 
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Figure 11. Intersection between a spherical surface and a drive plane 

The CL-paths are directly converted to NURBS-type NC data for a machine supporting 
NURBS interpolation. As for a conventional NC machine, the elliptic arcs in the CL-paths 
should be approximated to line segments or circular arcs. In this approximation process, the 
tolerance control is much more robust than in the ‘point-based approach’. 



CL-curves 






Figure 12. CL-curves and a CL-path 

4. ILLUSTRATIVE EXAMPLES AND AN EXTENSION OF 
THE METHOD 

In this study, the proposed method for generating gouge-free tool paths from a polyhedral 
model is implemented on a PC. Figure 14 shows the CL-paths obtained in the two cutting 
directions by the proposed method for machining a connecting rod. The polyhedral model has 
about 850 facets, and path-interval (or pick-feed) is 0.5 mm. It takes under 5 seconds to 
generate the CL-data in Figure 14(b) on a 266MHz Pentium II machine. 

Figure 15 shows another example of CL-paths, which is generated from the same 
polyhedral model as Figure 13. The CL-paths over the convex sharp-edge on the top face of 
the model prevents the sharp edge from being dulled by machine control errors. This example 
is provided to illustrate an extension of the proposed method. The tool paths are generated by 
slicing the Bezier control nets of the offset elements instead of the offset surfaces. Currently, 
the authors are working on the problem. 
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5. CONCLUDING REMARKS AND DISCUSSIONS 



A curve-based approach for generating gouge-free tool paths for three-axis machining of 
polyhedral models is proposed. The features of the approach are as follows. 

(1) Robustness: The geometric elements treated in the algorithm are planes, cylindrical 
surfaces, spherical surfaces, lines, and elliptic arcs. Even the singularity cases can be handled 
without numerical stability problems. This feature is usually common for polyhedral-based 
tool path generation methods. 

(2) Accuracy: Since the offset elements of the polyhedral model are not approximated and 
the intersections are computed exactly by analytical methods, the final CL data does not 
include approximation errors. A polyhedral model can be machined without any concave and 
convex gouge, especially on an NC machine supporting NURBS interpolation. 

(3) Efficiency: The proposed method makes best use of topological information and the 
geometric characteristics of the edges and vertices (convex, concave, flat, and saddle) in order 
to check local-interference between offset elements. The global-interference, which is time- 
consuming when checking in 3D-offsetting, is removed during 2D curve linking. In addition, 
instead of searching the offset elements intersecting a drive-plane, an offset element is sliced 
at once with a series of drive planes. This method reduces a lot of computation time. 

With the proposed method, however, it is not easy to obtain contour-type tool paths. 
Further research will be conducted on handling convex sharp-edges, tool path generation for 
round-end mills, pencil-cut path tracing, and contour-type path generation. 
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Abstract: Sculptured parts are usually produced through 2 !/2 D rough machining and 3D-5D finish 

machining. The 2 K 2 D, or contour map, rough machining plays a major role in removing 
excess material of the stock to form the parts. Improvement of this process can significantly 
increase the productivity of die and mold manufacturing. In this work, a number of 
algorithms were introduced to reduce the machining time of 2 1/2 D roughing. These 
include a new representation of various cutting layers, a method of tool path generation and 
planning for parallel and stock-offset milling. A simulation example is used to demonstrate 
advantages of the new approach. 



1. INTRODUCTION 

Free-form surfaces are widely used in complex dies and molds due to their functional and 
aesthetic properties. The machining of dies and molds involves a number of computer-aided 
approaches at various stages of production to solve problems ranging over surface modeling, 
process planning, tool path generation, machining monitoring, etc. [1]. Among these problems, 
tool path generation is especially important and has been investigated extensively [2] -[9]. 
Nevertheless, there are still a number of important issues need to be resolved. 

It has been noted that a large number of mechanical parts are of an inherent 2 1/2 D 
nature, and complicated parts are usually produced in two phases: 2 1/2 D roughing and 3D- 
5D finishing. Based on several statistics, nearly 80 percent of all mechanical parts can be cut 
by using 2 D milling. Thus the productivity improvement of the 2 V 2 D roughing is very 
significant to industry. 

In 2 1/2 D roughing or contour-map roughing, cutter moves in certain predefined style or 
tool path pattern. Parallel and stock-offset are two most commonly used tool path patterns in 
practice. Following parallel tool path pattern, the cutter moves along a number of 
equidistantly spaced parallel lines in either unidirectional or bi-directional patterns as 
illustrated in Fig. 1 (a). In the case of using stock-offset tool path pattern, the cutter moves 
along a series of offset loops generated from the contours of stock and island as illustrated in 
Fig. 1 (b). The same example shown in Fig. 1 will be used throughout the paper to 
demonstrate the proposed approach. 

In the authors' previous work, an extensive research on various feasible tool path patterns 
and identification of the optimal tool path pattern was carried out [6,7]. The study covered six 
feasible tool path patterns, including (a) stock offset, (b) component offset, (c) 
stack/component offset, (d) parallel offset, (e) proportional blending offset, and (f) max-min 
offset. For a cutting layer with a single island, the efficiency of these tool path patterns varies 
according to the shape of the part and stock. The equivalent length of its tool path or the total 
machining time measures the efficiency of each tool path pattern. A method for grouping 
cutting layers and identifying the most efficient tool path pattern for each group was 




introduced. In this work, we consider cutting layers with multiple islands. Due to the 
complexity of the cutting layer shape, we consider two most commonly used tool path patterns, 
parallel and stock-offset, as alternative tool path patterns. 





(a) Parallel tool path pattern (b) Stock-offset tool path pattern 

Figure 1 .Tool path patterns of 2 V 2 D milling 



2 . 



OUTLINE OF THE APPROACH 



An overview of the proposed procedure of contour-map machining is illustrated by the 
flow chart shown in Fig. 2. The input to the system includes the stock and part surface models, 
Ffx,y,z) and F/x,y,z), the number of cutting layers N^, cutter diameter d, the overlap ratios 
and a 2 of parallel 
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determine tool path pattern | 
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parallel style 



X 



stock-offset style 



post-processor 



Figure 2. The Proposed Approach for Machining Dies and Molds 
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and stock-offset milling respectively, ramp parameters - maximum length of ramp, - 
minimum length of ramp, and cp - angle of ramp), clearance level h^, start cutting point p^, and 
machining parameters (spindle speed and feed rate f). For each cutting layer, contours of 
stock and islands are first generated by the intersection between a hunt plane passing though 
current cutting layer and surface models of stock and part as shown in Fig. 3 (a). These 
contours are then sorted to form a tree representing the topology of cutting layer. In the tree, 
each parent node in a level and its child nodes in the next level form a sub-cutting layer with 
restriction that each node can be treated only once, i.e. it can only be either a parent node or a 
child node, as illustrated in Fig. 3 (b). Next, an optimal tool path pattern is identified based on 
the shape of the cutting layer shape and cutter diameter. Tool path is then derived from the 
selected tool path pattern. Retractions, rapid traverse and ramps are added to connect sub- 
cutting layer with its next sub-cutting layer and, cutting layer with its next cutting layer. 
Finally, a post-processor is applied to generate NC machine code for cutting. 




(a) A example of cutting layer (b) Presentation tree of the cutting layer 

Figure 3. Representation tree of a cutting layer 

3. CONSTRUCTION OF REPRESENTATION TREE 

Representation Tree is referred to the topological structure of the cutting region in a cutting 
layer. Since multiple nested islands might exist for a general case as shown in Fig. 3 (a), a 
proper representation scheme is necessary to quickly find the geometry of sub-cutting layer. 
As discussed in previous sections, the cutting layer is specified by the contours, the 
intersection curves between a hunting plane at different levels and surface models of stock and 
part Ffx,y,z) and Fp(x,y,z). F/x,y,z) could be either a closed composite surface or a cylindrical 
surface generated by sweeping method. F/x,y,z) could be either a closed composite surface, or 
an open composite surface extracted from the designed part. The contours of the stock are 
always a close curve, while the contours of the part can contain a number of open curves. 

To construct the representation tree for a cutting layer, the stock contour, a close loop is 
put on the root, each loop in part contours is treated as a child node somewhere blew the root. 
If part contours contain open curves, these open curves are oriented so that the region that 
represents the projection of the part surface is staying on the right hand side of them. New 
islands are formed from those parts of the open curves that are enclosed in the stock contour. 
There are three cases of inserting a node in a representation tree, a stand-alone island; a 
protrusion or cavity inside a island; and a protrusion or cavity that contains islands, as 
illustrated in Fig. 4 (a)-(c). 
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The representation tree built for the example given in Fig. 3 (a) is shown in Fig. 3 (b). 
The root node 0 represents the stock contour, and other nodes represent part contours. All the 
sub-cutting layers are indicated by enclosing dashed boxes. 




<«) Ca»Q Cb) 1 (c) Cm2 



Figure 4. Three Cases of Inserting Node in Representation Tree 



4. TOOL PATH GENERATION AND PLANNING 

In the proposed method, tool path is basically generated in two steps: (1) creating cutter's 
trajectories for each sub-layer using proper tool path patterns, (2) connecting these trajectories 
with either cutting or non-cutting (travelling) movements. Ideally, tool path should be formed 
by connecting the cutter trajectories continuously without non-cutting moves. However, this is 
often impossible for the cases with complex contours or islands. Hence, it is necessary to plan 
the tool path, i.e. to sort the cutter trajectories and to connect them by fast traveling moves to 
reduce the machining time, 

4.1 Generating Tool Path with Parallel Pattern 

The proposed strategy for generating tool path of parallel milling is aimed at handling cutting 
layers with arbitrary shapes of stock and island contours. Using this strategy, the parallel tool 
path generation is completed in six steps: 

1) Generate cutter trajectories denoted by B _path to clear the boundaries of stock and 
islands. 

2) Calculate all the local extreme points on B _path. 

3) Decompose the machining area enclosed by B _path into series of groups and construct a 
group graph, which indicates the connection among these groups. Two groups are 
assumed to be connected if they are adjacent in cutter's step-over direction and intersect 
with either stock or the same island contour on left or right side or on both sides. 

4) Merge groups that are connected and intersect with the same contours on the both sides. 

5) Generate parallel cutter trajectories and classify them into the above groups. 

6) Starting from the top group, search along the group graph to find the next connected 
groups. Pick up the group that has minimum length of traveling move from the previous 
group and add it to the tool path. If no connected group is found, pick up a group that has 
not been processed in the graph and add it to the tool path with proper traveling move. 
Repeat this process until all the groups in the graph have been put into tool path. 

The process of parallel tool path generation is illustrated in Fig. 5. 

4.2 Generating Tool Path with Stock-offset Pattern 
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An approach of stock-offset tool path generation is presented herein. Cutting starts from 
the stock contour and goes inward to the island contours. The cutter trajectories S _path and 
/ _path for clearing the boundaries of stock and islands are calculated first. If S _path and 
1 _path have no intersection, add S _path to the tool path and let the curve that is the offset of 
the stock contour with a predefined offset distance to be the new stock contour. Otherwise, the 
intersection of S jpath and I _path divides the cutting layer into a number of loops. The offsets 
of the loops within the cutting area are taken as the new stock contours. The tool paths of the 
sub-cutting layers formed by the new stock contours and islands contained in them are then 
generated recursively. 







Figure 5. Tool path generation using parallel pattern 

4.2 Generating Tool Path with Stock-offset Pattern 

An approach of stock-offset tool path generation is presented herein. Cutting starts from the 
stock contour and goes inward to the island contours. The cutter trajectories S jpath and 1 j?ath 
for clearing the boundaries of stock and islands are calculated first. If S jpath and / _path have 
no intersection, add S _path to the tool path and let the curve that is the offset of the stock 
contour with a predefined offset distance to be the new stock contour. Otherwise, the 
intersection of S _path and I jpath divides the cutting layer into a number of loops. The offsets 
of the loops within the cutting area are taken as the new stock contours. The tool paths of the 
sub-cutting layers formed by the new stock contours and islands contained in them are then 
generated recursively. 

4.3 Selection of the Optimal Tool Path Pattern 

The performance, in terms of productivity measured by cutting time or the total tool path 
length, of various tool path patterns has been studied by Wang, et al. [9], Held [4] and Li et al 
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[6]. It has been found that tool path pattern has significant influence on tool path length or 
machining time. The influence is dependent on the shape and size of the stock and island 
contours, and the size of cutter used. 

To select a proper tool path pattern, a basic criterion is to choose a pattern which results 
in less machining time. The machining time is composed of time spent on cutting material and 
time spent on travel in the air. Tool path of cutting movement contributes to the cutting time 
and tool path of travelling movement contributes to non-cutting (or traveling) time. The 
traveling time is mainly controlled by the shapes of stock and island contours, and the cutting 
area and cutter size are the major factors to influence the cutting time. Based on statistic result 
of examination of tool paths generated for various cutting layers, tool traveling time is usually 
a very small part of the total machining time (<2%). Hence, cutting time contributes most to 
the total machining time. 



5. EXAMPLES AND DISCUSSION 

The proposed approach has been tested by a number of examples of free-form surfaces. An 
example is a free-form protrusion part shown in Fig. 6 (a). Fourteen cutting layers are selected 
for rough machining of this part. Contours of these cutting layers are shown in Fig. 6 (b). The 
simulation results of machining time and selected tool path pattern are given in Table 1. In this 
simulation, feed rate is fixed at 300 mm/min\ overlap ratios ai and 

for parallel and stock-offset patterns are chosen to be 0.9 and 0.7; cutter diameter used is 3/4". 

The simulation result shows the influence of tool path pattern on total machining time. 
All the comparisons in the table are made with respect to the case using the best tool path 
pattern. The machining time increase is 4.51% and 1.73%, respectively. The result of the case 
with the tool path pattern selected by the proposed approach is very close to the best case. 

The proposed approach can be further improved by incorporating milling process model 
into it to maintain the chip load at desired level, in other words, to maintain a desired material 
removing rate during machining. This can be achieved by varying the feed rate according to 
the immersion geometry between the cutter and the workpiece. A milling process model is 
used for this purpose [6]. 



Table 1: Simulation Results 



Cutting layer 


Stock-offset 

pattern 


Parallel 

pattern 


Best pattern 


Selected 

pattern 


1 


17.68 


15.99 


15.99 


15.99 


2 


17.79 


16.33 


16.33 


16.33 


3 


18.59 


17.38 


17.38 


17.38 


4 


18.56 


17.30 


17.30 


17.30 


5 


18.08 


17.21 


17.21 


17.21 


6 


18.15 


17.33 


17.33 


17.33 


7 


18.29 


16.74 


16.74 


16.74 


8 


18.34 


17.33 


17.33 


17.33 


9 


17.46 


17.29 


17.29 


17.29 


10 


16.99 


16.89 


16.89 


16.89 


11 


15.77 


16.62 


15.77 


16.62 


12 


14.23 


14.51 


14.23 


14.51 


13 


12.68 


13.92 


12.68 


12.68 


14 


11.83 


13.33 


11.83 


11.83 


Sum 


234.44 


228.18 


224.31 


225.44 


Comparison 


4.51% 


1.73% 


0% 


0.50% 
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Figure 6. An Example 
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Abstract: Pencil-curve machining, which is a single-pass ball-endmilling along a concave 

edge on a die surface, is widely employed in die-surface machining. The cutter- 
path used for pencil-curve machining, which is the trajectory of the “ball-center 
point” of a ball-endmill sliding along a concave-edge region on the die surface, is 
called pencil-curve. Presented in the paper is a pencil-curve tracing algorithm in 
which “concave-type” sharp edges are computed from a “virtually digitized” 
model of the tool-envelope surface. The resulting “initial” pencil-curves are then 
refined by applying a series of fairing operations. Illustrative examples and 
methods for enhancing accuracy are also presented. The proposed pencil-curve 
tracing algorithm has been successfully implemented in a commercial CAM 
system specialized in die-machining and in the CAD/CAM system CATIA® 



1. INTRODUCTION 

In other SFF processes, parts need to be decomposed to meet layer thickness and surface 
finish requirements. In SDM process, parts (and support material) are decomposed primarily 
to eliminate accessibility problem in machining. Geometric conditions that require part 
Pencil-curve machining, which has long been popular among car-body stamping-die makers, 
is a single-pass 3 -axis ball-endmilling along a concave edge on a die surface. It is applied 
either 1) to relieve “cutting-loads” at the concave edge region during a subsequent regional 
milling or 2) to clean up “uncut volumes” at the concave edge region using smaller ball- 
endmills after the regional milling. The former type is often called relief pencil-cutting and 
the latter clean-up pencil-cutting. At Toyota Motor Corporation, for example, the “relief- 
type” pencil-curve machining has been extensively employed in machining stamping dies for 
inner panel parish Pencil-curve machining is considered as one of the key functions required 
for a CAM system specialized in die-machining. Examples of sueh CAM systems include 
Clicks^ from Japan, Z-Master^ from Korea, Work-NC^ from France, and Tebis^ from 
Germany. 

Considering its importance in NC cutter-path generation for die-machining, it is 
surprising that no publications describing how to find pencil-curves are available in open 
literature (to the best of our knowledge). Presented in the paper is a straightforward pencil- 
curve tracing method which is quite efficient and robust. It has been implemented in a 
commercial CAM system^ and, recently, has also been ported into the CATIA System 
(Dassault Systems, France) as well. 



2. PROBLEM DEFINITION AND OVERALL PROCEDURE 




As indicated in Figure 1 (the dotted lines), the trajectory of the “ball-center point” of a 
ball-endmill sliding along a concave edge region on the part-surface becomes a pencil-curve. 
It is assumed that the part-surface is represented by a collection of trimmed parametric 
surfaces. In the following, we will use the term “surface” for a trimmed parametric surface 
r(w,v), such as a Bezier or NURB surface. In the case of a car-body stamping-die, a part- 
surface consists of a large number of surfaces (up to over 3,000 surfaces in a typical inner- 
panel die). The pencil-curve tracing problem may be formulated in a number of ways: 

• SSI (surface/surface intersection) problem: all the offset-surface intersection curves^ as 
well as self-intersection curves are computed and then they are linked to form pencil- 
curves. 

• Circular blending problem: the so called “rolling-ball” or “ball-position sampling” 
method^’^ is applied in order to numerically trace out the ball-center points. 

• Sharp-edge detection problem: a discrete model of the tool-envelope surface is 
constructed and then “concave-type” sharp-edges are traced out from the discrete 
model. 





Figure 1. Pencil-curve Tracing Problem 

The third approach is adopted in the paper mainly because the first two approaches would 
suffer from numerical singularities when the fillet-radius of the concave edge region 
approaches to the radius of the ball-endmill (Unfortunately, most of the pencil-curve 
machining operations are performed under this condition). In the third approach, the tool- 
envelope surface may be represented either as a “triangulated” facet modeP’^^ or as a “z-map” 
modeP^ The z-map representation is used in this paper. 




Figure 2 Concave-edge Tracing on the Tool-envelope Surface (TES) 

As depicted in Figure 2, a tool-envelope surface (TES) is the envelope of “cutter swept- 
volumes” which are generated by sweeping an “inverse” ball-endmill over the part-surface 
with its ball-center positioned on the part-surface. Since it is not easy to find a mathematical 
representation of the TES, the trick is to “virtually digitize” it and then store the digitized data 
in a z-map which is nothing but a two-dimensional real array where the z-values at grid- 
points on the .x,y-plane are stored (More details about the virtual digitizing process will be 
given in the next section). With the z-map model of the TES on hand, the remaining problem 
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is to detect concave-type sharp-edge points called pencil-points from each row and column of 
the z-map array (See graph inside the circle in Figure 2). 

An initial pencil-curve is then constructed as a sequence of the pencil-points. Finally, the 
initial pencil-curve has to be smoothed out while avoiding possible cutter inteferences^^ (to be 
used as a cutter-path). This step is called a pencil-curve refinement. In summary, pencil- 
curves are generated in three phases: 1) virtual digitizing of TES to obtain a z-map, 2) 
detection and tracing of concave-type sharp-edges from the z-map to obtain initial pencil- 
curves, and 3) refinement of the initial pencil-curves. 



3. VIRTUAL DIGITIZING OF TOOL-ENVELOPE SURFACE 

In order to apply a (virtual) digitizing process, the part-surface is assumed to be visible 
from above (which is the case with most of the stamping-dies). There are at least three ways 
of obtaining a z-map of the tool-envelope surface (TES): 

• Obtain a z-map of the part-surface and then apply the so called inverse offsetting 
methocf^. 

• Facetize individual offset surfaces and then construct a z-map from the facet models. 

• Apply a direct cutting simulation^"^^^^ by moving the inverse ball-endmill over the part- 
surface. 

In practical applications, each of the three methods has its strength and weakness in terms 
of accuracy, computation time, robustness, etc. Obviously, there is a need for further research 
as to which one is better under what situations. The first method is simple to implement but 
least accurate, while the second method is very simple in concept but needs more 
programming efforts. The third method is a straightforward application of cutting simulation 
(but, probably most time-consuming). 

Due to space limitation, only the first method will be described in this section. The z-map 
model of a TES is obtained in two steps: virtual digitizing of part-surface and z-map 
offsetting. 

3.1 Virtual Digitizing of Part-surface: Z-map Sampling 

In order to define the 2D domain of a z-map, a rectangular “majorizing box”, in which the 
part-surface is contained, is defined on the x,y-plane. Let {xq, y^), W, and H denote the 
bottom-left corner point, width, and height of the 2D majorizing box, respectively, then the 
coordinates (x^, y^) of a grid point (ij) are given by 

Xj = Aq + A-z and yj=yo + A-y for zg [0,M] and ye [0,N], (1) 

where A is the grid interval, I and j are (integer) index variables, and the integers M 
(=W/A) and V(=H/A) denote the sizes of the z-map array. 

Now, for each trimmed surface r(zz,v) = (x(u,v), y(u,v), z(u,v)), a closed 2D-curve C 
representing its trim-boundary is constructed on the x,y-plane. Then, for each grid point (xj, 
yj) located inside C, its z-value Z[zj] is computed by using the so called 2D-Jacobian 
inversion algorithm (See, for example, page 305 of Reference 11) which is a Newton’s 
iteration scheme for finding an intersection point between a vertical line and a parametric 
surface. If the numerical scheme fails at a grid-point, the parametric surface may be facetized 
and then the z-value at the grid-point may be obtained from the facet model. 

3.2 Z-map Offsetting 

The z-map of the TES is obtained by offsetting the z-map of the part-surface, Z^[iJ\. A 
simple method of offsetting a z-map is the so called inverse offset method^^, in which the z- 
value of the “offset z-map” at a grid point (m,n) is expressed as follows^ 
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{ ( Zp[iV']+ 'B{ij,m,n,R ) ) : {i,j)e\{m,n,R) ) (2) 
where, \{m,n.R) = { {i.j) \ ((Xj -xJ^+(yj }, 

B{i.j,m,n,R) = (R^ - i(x^-x,f+(y,-y)^)Y'\ 
x„x^,yj,y„are given by(l), 

R : offset distance (or ball radius). 

In (2), the quantity ''Z^[iJ]+B(i,j,m,n,Ry denotes the z-value, at the grid-point {m,n), of the 
upper half of the ball whose center is positioned at = (.x^, y^, Zp[y]). 

The offset z-map expression (2) has a straightforward form, but it would take too much 
time when (2) is directly applied in obtaining an offset z-map. For example, the expression 
B(iJ,m,n,R) is evaluated (W/A)(H/A)(2R/A)^ times, which is about 13 billion for an actual 
application case to be introduced later. Thus, in actual implementation, various schemes for 
reducing execution time are utilized. Some details of the inverse offset method may be found 
in Reference 11 (pp.360-361). 



4. PENCIL-CURVE DETECTION AND TRACING 

Described in this section is a procedure for detecting and tracing concave-type sharp edges 
(for which the term concave-edges will be used hereafter) from the z-map model of a tool- 
envelope surface (TES). It should be noted that a TES has no “convex-type” sharp-edges 
because it is an offset surface. Shown in Figure 3 -a is a vertical cross-section of a z-map 
model in which a concave-point is denoted by a solid dot. A vertical cross-section (VCS) is 
constructed from the point sequence = (x^, y^, Z[iJ])} by fixing “/-f or y-/”: v-directional 
VCS at the j-f grid-line on the v,z-plane; y-directional VCS at the z-f grid-line on the y,z- 
plane as shown in Figure 3-b. For each point on the VCS, a concave-angle a is defined as 
depicted in Figure 3-a. As a convention, the concave-angle for a convex-point is set to zero. 

Among a sequence of consecutive concave-points, the one with the largest concave-angle 
is called maximal concave-point. Now we define the four concave-angles (aj for y-1, 2,3,4) 
around the maximal concave-point as follows (See Figure 3-a): 

• ai = Maximal concave-angle : the concave-angle at the maximal concave-point. 

• a 2 = 2nd-maximal concave-angle : the larger one among the two angles adjacent to 

“ai”. 

® a 3 ,a 4 = Neighbor concave-angles : the two concave-angles adjacent to “aj and af 

y^dircctidnal cross-sectidn 



x^directional 

'crosS‘Kclk>n 



(a) (b) 

Figure 3 Construction of a Vertical Cross Section (VCS) 

4.1 Basic Algorithm for Finding a Pencil-point 

Before presenting the procedure for tracing out pencil-curves, the key algorithm for 
finding a pencil-point from a VCS will be described. We want to decide whether there exists 
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a pencil-point at (or near) the maximal concave-point based on the four concave-angles (aj for 
7 = 1 , 2 , 3 , 4 ). 

Since we are dealing with “virtually digitized” data in which some “digitizing” errors may 
be contained, the “pencil-point detection problem” is more like a “hypothesis testing 
problem” in statistics. That is, the hypothesis that “there exists a pencil-point ” is accepted if 
the following sharpness condition holds: 

(a, + ttj) > K,, (3) 

where is the "sharpness criterion", and aj, aj are maximal and 2nd-maximal concave- 
angles. A pencil-point is obtained only when the sharpness condition (3) is satisfied. The 
maximal concave-point becomes an “on-grid” pencil-point if the sharpness condition (3) is 
satisfied and the following on-grid condition holds (y: on-grid criterion): 



a, > Kg-aj. (4) 

where Kg > 1 is the "on-grid criterion". An on-grid pencil-point is shown in Figure 4-a. 
Otherwise, an “off-grid” pencil-point is newly defined in-between the maximal concave-point 
and the 2"'*-maximal concave-point as shown in Figure 4-b. Observe that the concave-angle 
of the off-grid pencil-point is aj+a 2 . In the example case of Figure 4, Kg is set to 4. 




Figure 4. Determination of 3D Pencil-point and Wall-direction 



The role of the "inclination-angles" 0i and 0^ shown in Figure 4-c is explained below. 
Associated with a pencil-point are three attributes - “marching-direction”, “wall-location”, 
and “quality” - which may be expressed in Backus-Naur Form as: 

<marching direction> ::= “+y” | “-y” | “+x” | “-x”. 

<wall-location> ::= “Righf’ | “Left” | “Undecided”. 

<quality> ::= “Gold” | “Silver” | “Bronze” | “Clay”. 

The marching direction (MD) of an x-directional pencil-point is either “+y” or “-y”, and 
the MD of a y-directional pencil-point is “+x” or “-x”. Let 0j and 0^ , respectively, denote 
inclination angles of the left and right line segments meeting at the pencil-point as shown in 
Figure 4-c. Then, when viewed toward its marching-direction, the wall-location of a pencil- 
point may be determined by using following heuristic rule: 

"LefF ifOj>KwO^ 

"Right" ife^>Ky.Oj (5) 

" Undecide" Otherwise 

where k,^ > 1 is the "wall-location criterion". In pencil-curve machining, the direction 
of a pencil-curve should be set such that the wall is located to the right side of the pencil- 
curve (in order to provide a “down-milling” mode). 

The quality of a pencil-point is graded as “Gold”, “Silver”, “Bronze”, or “Clay”. Again, 
we use the following heuristic rule in determining pencil-point quality: 
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( 6 ) 



"Gold" if a 2 -0 

else "Silver" if (a^ + a^)/(a]^ +a 2 ) ^ & 
else "Bronze" if {a^ + a^)!{a^ + < 22 ) < 6’^ 
else "Clay" 

where Sg and Sj, are the "silver-point criterion" and "bronze-point criterion", 
respectively. 

The values for the criteria used in the above expressions (3) to (6) may be provided by the 
“user” to suit his/her purposes. In the pencil-cut tool-path generation for car-body stamping- 
dies, the following: 

• Sharpness criterion in (3): = 20°. 

• On-grid criterion in (4): Kg= 4. 

• Wall-location criterion in (5): = 2. 

• Silver-point criterion in (6): = 0.01 . 

• Bronze-point criterion in (6): = 0.07. 

However, it should be noted that each of the concave-angles appearing in the above 
expressions is a “nominal” angle defined on a vertical cross-section which is obtained by 
intersecting the z-map surface with a vertical plane. Thus, in order to find a “true” concave- 
angle, the z-map surface has to be intersected by a tilted plane which is perpendicular to the 
pencil-curve at the current concave-point p^. 

A simple method of constructing the tilted intersecting plane is depicted in Figure 5. 
Shown in Figure 5-a is the case where the nominal concave-angle a at is defined on an x- 
directional VCS (The construction for a y-directional VCS is the same). As depicted in 
Figure 5-a, a tilted plane is defined by rotating the vertical plane around the “axis of rotation” 
(the horizontal line passing through py) by P degrees. These vertical and tilted planes appear 
as lines on the yz-plane as shown in Figure 5-b. Then, a reasonable choice for the tilted 
intersecting plane is the “bisector line” at py on the y-directional VCS, and the draft angle of 
the bisector-line becomes the tilt-angle p. Once the tile-angle P is known, the “true” 
concave-angle for a given nominal concave-angle a can be approximated as follows: 

= 2 tan'^(tan(a/2) cosp) (7) 

which may be verified from a trigonometric construction involving a,p. From now on, it is 
assumed that all the concave-angles in (3) to (6) are true concave-angles obtained from (7). 





Figure 5. Concave-angle and Tilt-angle 



4.2 Dectection of initial pencil-point 

In order to speed up the pencil-curve tracing process, the concave regions where the 
pencil-points might be located are marked in the mark-map array M[/j]. The mark-map 
constructing procedure shown in Figure 6 may be summarized as follows: 

Construct_Mark-map(Z[zj], Pflugj M[zj]) ; 
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1. Input: Z-map model and filleting radius ; 

2. Generate a filleted z-map, F[/j] from Z[i,j] via an upward-offsetting followed by a 
downward-offsetting using the same offset-distance ; 

3. Generate a difference z-map, D[z,y] by subtracting Z[i,f from F[zj] for all i,j ; 

4. For all i, j do { if D[47]>8 and “Z[/j] is concave in x- or y-directional VCS” then mark 
the grid-point (i.e. set M[zj]=l), else set M[zj]=0 } ; 

A reasonable choice for the filleting radius would be “three grid-intervals” (pfjnet ^ 3y, where y 
is the grid-interval). 



Too! Eevelop Surfoce (TES) 





I Filleting 










Figure 6. Steps for Generating a Mark-map 



Further, before describing the main procedure for detecting an initial pencil-point, a 
function returning a pencil-point (together with wall-location and quality) for given MCP 
(maximal concave-point) and MD (marching direction) is presented first. From the results 
presented in the previous section, the function “Get_pencil-point” may be expressed as 
follows: 

Get_pencil-point(MCP, MD-> Pencil-point, Wall-location, Quality) ; 

1 . Input: MCP (maximal concave-point) ; MD (marching direction) ; 

2. Compute the “true”concave-angles for 7- 1,2,3, 4 at the MCP; 

3. If the sharpness condition (3) is not true, then Pencil-point <= “Null” and stop ; 

4. If the on-grid condition (4) is true, then Pencil-point MCP, 

else the Pencil-point is determined from the construction given in Figure 4-b. 

5. Determine the Wall-location with respect to the MD by using the rule (5). 

6. Determine the Quality by applying the rule (6). 

With the above algorithm on hand, we are ready to the main algorithm for detecting an 
initial pencil-point. Since all the pencil-points are confined in the “marked regions” 
consisting of marked grid-points (M[zj] = 1), the pencil-point detection process starts from a 
marked grid-point: Starting from a marked grid-point, the x-directional and y-directional 
vertical cross-sections (VCSs) are scanned to find a maximal concave-point (MCP). And 
then, the VCS on which the MCP is found is examined closely to detect an initial pencil-point 
(IPP). The step-by-step procedure for detecting an IPP and setting its initial marching- 
direction (IMD) may be expressed as follows: 

Detect_initial-pencil-point(M[zj] IPP, IMD, Wall-location, Quality, M[z,y]) ; 
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1 . Input: mark-map M[/j] ; 

2. Find a marked grid-point from M[/j]; If not found, then IPP <= “Null” and stop ; 

3. For the marked grid-point, find an MCP from the x-directional VCS and then 

1) set its IMD^ to “+y” or “-y” and 

2) call Get_pencil-point(MCP,IMD^ => IPP^, Wall-location^, Quality^ ; 

4. For the marked grid-point, find an MCP from the y-directional VCS and then 

1) set its IMDy to “+x” or “-x” and 

2) call Get_pencil-point(MCP,IMDy => IPPy, Wall-locationy, Qualityy) ; 

5. If (IIP^ = IlPy = “Null”) or (Quality^ = Qualityy = “Clay”) then reset the marked grid- 
point to zero and go to Step 2. 

6. If Quality^ is better than Quality^, then z <= x, else z <= y. 

7. Return (IPP^, IMD^, Wall-location^, QualityJ. 

It should be noted in Steps 3 and 4 that there always exists a maximal concave-point 
(either in Step 3 or in Step 4 or both) and that the selection of an initial marching-direction is 
made arbitrarily (the other direction will be tried anyway). The above algorithm will provide 
a valid IPP (initial pencil-point) unless there are no marked grid-points in the mark-map 
M[Q], namely, there are no pencil-curves in the z-map. 

4.3 Pencil-curve Tracing 

Starting from the initial pencil-point, a complete pencil-curve can be traced by 
repeatedly marching toward the “nexf ’ pencil-point until nowhere to go. As shown in Figure 
7, a marching-cell is defined in front of the current pencil-point: a “single cell” for an off- 
grid pencil-point (Figure 7-a) and a “double cell” for an on-grid pencil-point (Figure 7-b). A 
pencil-curve entering into a marching-cell through the current pencil-point leaves the cell 
through the next pencil-point which should be located on one of the three cell-sides: the Left- 
side, the Front-side, or the Right-side. 



O Grid point # : Current pencil-point 




(a) Single cell (Off-grid pencil-point) (b) Double cell (On-grid pencil-point) 

Figure 7 Marching-cell for Pencil-curve Tracing (Current marching-direction = “+y”) 

The exiting directions for the left-side, front-side, and right-side, respectively are called 
Left-direction (LD), Front-direction (FD), and Right-direction (RD). Note in Figure 7 where 
the current marching-cell is “+y”, the three exiting-directions are “-x” (LD), “+y” (FD) and 
“+x” (RD). In general, for a given CMD (current marching-direction), the values of the 
exiting directions are given by: 

If (CMD = “+x”) then {LD - “+y”; FD = “+x”; RD = “-y”} 

If (CMD = “-X”) then (LD = “-y”; FD = “-x”; RD = “+y”} (8) 

If (CMD = “+y”) then (LD = “-x”; FD = “+y”; RD - “+x”} 

If (CMD = “-y”) then (LD = “+x”; FD = “-y”; RD = “-x”} 

Once the next pencil-point is located in one of three cell-sides, it becomes the current pencil- 
point and the exiting-direction becomes the current marching-direction, and so on. During the 
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marching process, the current pencil-point is stored in a linked-list data structure called a 
pencil-curve-list and all the marked grid-points on the current vertical cross-section (VCS) 
are reset. 

Based on the discussions so far, we now present a complete algorithm for making a single- 
step marching to the next pencil-point. That is, for given values of the current pencil-point 
and current marching-direction, the next pencil-point and next marching-direction are 
returned. The following abbreviations are used in the algorithm: 

• CPP and NPP = current & next pencil-points; 

• CMD and NMD = current & next marching-directions; 

• MCP = maximal concave-point; 

• LD, FD and RD = Left-, Front- and Right-directions; 

• VCS = vertical cross-section. 

Marching_next-pencil-point(CPP, CMD-^ NPP, NMD) ; 

1 . Input: CPP (current pencil-point); CMD (current marching-direction) ; 

2. For given CPP and CMD, construct a marching cell and assign its exiting directions (i.e. 
the values of LD, FD, and RD) according to (8). 

3. If an MCP is found on the Left-side, call Get_pencil-point(MCP,LD-^NPPi, ..). 

4. If an MCP is found on the Front-side, call Get_pencil-point(MCP,FD->NPPf, ..)• 

5. If an MCP is found on the Right-side, call Get_pencil-point(MCP,RD->NPP„ ..). 

6. If no NPP is found from the above three steps, return (NPP = “Null”) and stop. 

7. If more than one valid NPP are obtained, then the one having the same Wall-location as 
that of the CPP is selected and return its NPP and NMD. 

8. Store the CPP in the pencil-curve-list and reset all the marked grid-points located on the 
current VCS. 

The above marching operation is repeatedly invoked until 1) no next pencil-point is found 
(i.e. NPP = “Null”) or 2) the initial pencil-point is encountered (i.e. NPP = IPP). In the first 
case, the marching operation is restarted at the IPP with its marching direction reversed. 
Finally, the overall procedure for tracing all the pencil-curves in the z-map may be 
summarized as follows: 

Procedure_pencil-curve_detection_and_tracing() ; 

1. Construct_Mark-map(Z[/J], p M[/j]) ; // p=3y: fillet radius) // 

2. Detect initial-pencil-point(M[47] ^ IPP, IMD, Wall-location, Quality, M[z,/1) ; 

3. If(IPP = “Null”) then stop. 

4. Pass = “First-pass”; // Set flag for restarting the marching operation // 

5. CPP = IPP ; CMD = IMD; // Set current pencil-point and marching direction // 

6. Repeat {Marching_next-pencil-point(CPP,CMD-^NPP,NMD);CPP=NPP;CMD=NMD} 

until (NPP = “Null”) or (NPP = IPP) ; 

7. If (NPP = IPP) then {Go to Step 2}; //A closed pencil-curve has been obtained // 

8. If (NPP = “Null”) and (Pass = “First-pass”) 

then { Pass = “Second-pass”; CPP = IPP; CMD = -IMD; Go to Step 6} 
else (Go to Step 2} ; //An open pencil-curve // 

The result of the above procedure is a set of initial pencil-curves. Since the initial pencil- 
curves usually contain “errors”, the resulting pencil-curves are “refined” further in order to be 
used as pencil-cut tool-paths. 



5. PENCIL-CURVE REFINEMENT 

The pencil-curves generated by the “pencil-curve detection & tracing” procedure may not 
be suitable for machining purposes because of the “sharp oscillations” in the pencil-curves. 
Thus, the initial pencil-curves are refined in order to obtain smooth and gouge-free pencil- 
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curves without compromising accuracy (The accuracy could be improved in some cases). 
The refinement operation is carried out in three steps: preprocessing, pencil-points fairing, 
and post-processing. 

5.1 Pre-processing of the Initial Pencil-curves 

The purpose of pre-processing is to obtain “useful” pencil-curves from the initial pencil- 
curves. The pre-processing step consists of 1) deletion of “low quality” pencil-curves, 2) 
curve-direction setting, and 3) curve concatenation. A pencil-point whose quality is “Clay” is 
called clay-point and the percentage of clay-points in a pencil-curve is called clay-ratio. A 
pencil-curve whose clay-ration is too high or length is too short may have little use in actual 
machining. Utilizing the “quality” and “wall-location” of each pencil-point, the following 
operations are carried out during the pre-processing phase: 

1 . Delete the curve-segments consisting of more than consecutive clay-points. 

2. Delete the pencil-curve whose clay-ratio exceeds r^. 

3. Delete the pencil-curve whose length is less than /p. 

4. Set the direction of each pencil-curve, if necessary, such that its wall is located on the 
right-hand side of the curve (Wall-location =“Right”). 

5. Concatenate two pencil-curves if their distance (i.e. the distance between their end- 
points) is less than a certain value (and if their end tangents are collinear). 

The “sensitivity” of the pre-processing can be adjusted by changing the values of the “pre- 
processing tolerances”. The following values may be used as a “default”: 

• Clay-segment tolerance: n^=\0. 

• Clay-ratio tolerance: = 50%. 

• Pencil-curve length tolerance: /p, = lOy (y is the grid-interval). 

• Concatenation tolerance: /c=5y. 

5.2 Pencil-points Fairing and Post-processing 

Since the pre-processed pencil-curve may have sharp oscillations (fluctuations), the 
pencil-points fairing operation is performed by using a systematic fairing scheme based on 
difference operators. For a 3D point sequence {rj}, the «-th difference is defined as 

D'j=D’;:l-D’p'withD°=rj. (9) 

By setting (9) to zero at n=2, the “ideal” position (rj ') of the input point rj is given by 

Tj ' = (fj+i + rj_i)/2, (10-a) 

Similarly, by setting (9) to zero at n=i, the “ideal” position (rj ') is expressed as 

••j ' = (n+i + ‘■j-iV2 + {(rj_i - rj_2) + (rj+i - r^^^))ie. (10-b) 

The physical meaning of the 2nd-difference fairing (10-a) and 4th-difference fairing (10-b) 
is shown in Figure 8: The 2nd-difference fairing would straighten the curve, while the 4th- 
difference fairing would lead to a “linear-curvature” curve if the point spacing is uniform. A 
quantity similar to the sum-of-squares of (10-b) is often used as a global smoothness measure 
of a digitized curve^^ For a local straightening we use the 2nd-difference fairing equation 
(10-a), and the 4th-difference fairing (10-b) is employed for the global smoothing. 

The 3D coordinates rj = (xj, Zj) of pencil-points can be decomposed into “domain” 
coordinates pj = (xj, yj) and “height” qj = (^-j, z-), where is the cumulative length of the 
pencil-curve given by 

= Z| Pj - Pj_i| fory- 1 , 2 ,.. with 5-0=0. (11) 
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Our strategy is to apply the point-data fairing operations separately to the domain-coordinates 
{Pj} and the height-coordinates {qj}. In both cases, the fairing operation is performed in two 
steps: 

1 . Local straightening of the “sharp oscillation”. 

2. Global smoothing of the straightened 2D point sequence. 

The smoothed pencil-curves may further be refined to make them more suitable for 
pencil-cut machining. Additional refinement operations include: 1) spline-curve fitting, 2) 
remeshing and 3) gouge-checking. The point data defining a pencil-curve may first be fitted 
into piecewise cubic spline curves or rational B-splines^^’^°. 

Once a pencil-curve is represented as a composite parametric curve, a “remeshed” pencil- 
curve may be obtained by sampling evenly spaced 3D points from the parametric curve (As a 
rule of thumb, the distance between sampled points may be set to y/2, one half of the grid- 
interval). Further, the remeshed pencil-points may be “reduced” by applying a piecewise 
linear approximation within a given tolerance (of 0.001mm as a default value). 




Tj+2 

(a) 2nd-difference = 0 (b) 4th-difference = 0 



Figure 8 Physical meaning of the difference fairing 

The final step in pencil-curve refinement is to make a gouge checking for each point in the 
pencil-curve: locate the cutter-center point at the pencil-point and then make an interference 
check to see the bottom of the ball-endmill gouges the part-surface as depicted in Figure 9. If 
a gouging is detected, the cutter may be lift slightly as depicted in the figure. 




Figure 9. Gouge Checking 



6. ACCURACY ENHANCEMENT 

The proposed pencil-curve tracing scheme has been implemented in a commercial CAM 
system^ which is currently being used in stamping-die machining by a number of industrial 
users. Obviously, the quality of the pencil-curves is dependent on the value of the z-map grid 
interval y: the pencil-curve accuracy is improved as y is decreased. However, as y is 
decreased, both the computation time and memory requirement would increase rapidly. For a 
given die-surface size, the memory used up by a z-map model is proportional to (1/y)^ and the 

289 




execution time for a z-map offsetting operation (an important part of pencil-curve tracing) is 
roughly proportional to (l/y)"^. In particular, it was observed that the maximum allowable 
size of a single z-map for an EWS having 100 MB of main memory was about 40 MB (Two 
z-map models are needed for an offsetting operation). For these reasons, a practical range of y 
for car-body stamping-die applications is 0.4mm to 0.8mm, depending on the size of the die. 

However, with the “allowable” value of grid interval (0.4<y<0.8), the quality of the pencil- 
curve may be inadequate for a “clean-up pencil-cutting” application. The situation may be 
handled in two ways: 1) to use the pencil-curve as a “seed curve” for other numerical methods 
or 2) to employ adaptive sampling schemes. We use the second approach, while the first 
approach is used in CATIA®. 

We have developed the pencil-curve generating module in the CATIA function of "Mold 
and Die Manufacturing" (MFG-DIES) in which the sub-process (Focal Rework) uses the 
pencil-curves as "seed curves" for pencil machining or transversal guided cutting (clean-up 
cutting). Most procedures in the paper were adopted, while fairing operations and post- 
processing of pencil-points were omitted by intention. Pencil-curve tracing algorithms were 
developed as an extra execution program by ANSI-C, and a few interfacing functions by 
FORTRAN. The pencil-curves are generated and imported into CATIA as CRV (curve) 
elements each containing a sequence of 3D pencil-points. Finally, pencil-curves are used as 
"seed curves" for pencil-machining, or those for detecting unmachined areas that are to be 
milled by smaller tools. 

There are at least three different adaptive sampling schemes: 1) an adaptive subdivision 
scheme such as the use of quad-trees, 2) addition of smaller z-maps at the marked regions, 
and 3) additional sampling at the “grid-edges” in the marked regions. We have considered all 
the three methods, but the third method has been adopted because it is easier to implement 
(than the first method) and faster to execute (than the second method). 




0 




(b) 



Figure 10. E-map Point Sampling for Accuracy Enhancement 

The basic idea of the “additional sampling method” is depicted in Figure 10 where an x- 
directional vertical cross-section (VCS) is shown. A line segment joining two grid-points is 
called grid-edge. A fixed number of additional sampling positions are defined on each of the 
grid-edges connected to the concave-points on the VCS as shown in Figure 10-a, and then the 
z-values of the tool envelope surface (TES) at the additional sampling positions are digitized. 
The z-values sampled at the grid-edges are called e-map points. Now the procedure for 
“pencil-curve detection and tracing” (with a minor modification) is applied to the VCS shown 
in Figure 10-b to obtain initial pencil-curves. Then, the initial pencil-curves are refined as 
before. In actual implementation, 9 e-map points are sampled from each grid-edge on the 
VCS, which found to be more than enough for most of the die-machining applications. As a 
result, the accuracy (or precision) of the pencil-curve is increased 10 times with a small (about 
50 percents for inner-panel stamping-die machining) increase in memory requirement. 
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Without the use of an e-map, the memory requirement could have been increased 100 times to 
achieve the same accuracy. 



7. ILLUSTRATIVE EXAMPLES 

Shown in Figure 11 -a is a die surface (for an inner panel of a passenger car) consisting of 
2,226 surfaces. The die surface dimensions are: W=836.5mm and H=1461.6mm. With the 
grid-interval of 0.7mm, the z-map of the die surface takes up 9.98 mega-bytes (MB) of main 
memory. 

The job was to generate “relief-type” pencil-cut tool-paths for a 50(|) ball-endmill 
(R=25mm). As shown in Figure 1 1-b, a total of 96 pencil-curves are obtained from the CL z- 
map. Running on an IBM RS/6000-365 EWS, actual computation times were collected as: 

1) Z-map offsetting (to obtain the CL z-map): 330 sec. 

2) Mark-map generation: 186 sec. 

3) Initial pencil-curve generation: 76 sec. 

4) Pencil-curve refinement: 2497 sec. 

Thus, starting from the z-map of the die surface, the total time for generating the 96 
pencil-curves is about 52 minutes (among which about 80% is spent in refining the pencil- 
curves). 




(a) CAD-data (b) Pencil-curves on the CL Z-map 

Figure 11. Car-body Inner Panel: (a) CAD Model and (b) Pencil-curves 



8. CONCLUSIONS AND DISCUSSIONS 

A systematic procedure for finding pencil-curves from the CAD model of a die surface has 
been described in the paper. The distinctive feature of the proposed method is that the pencil- 
curve tracing problem is formulated as a sharp-edge detection problem in which smooth 
pencil-curves are obtained in three steps: virtual digitizing of the tool-envelope surface; 
detection and tracing of initial pencil-curves; and refinement of pencil-curves. The validity 
and robustness of the proposed method has been tested in commercial CAD/CAM systems. 
The heuristic rules applied in the research have been developed and tested mainly for 
machining car-body stamping-dies, in which most pencil-curves with various tool diameters 
(e.g., 8~30mm) could successfully be obtained. There may be, however, some difficulty in 
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tracing the pencil-curves with small tool diameter on a large area of part-surface due to the z- 
map resolution (i.e., grid-interval vs. memory requirement). 

In addition, the concave-edge tracing method and the point data fairing method introduced in 
the paper may also be applicable to the processing of “physically” digitized data as well. 
However, further research efforts are needed to improve the quality of the pencil-curve and 
computational efficiency. 

The method may be applied to 5-axis machining in some restricted environment. For 
example, consider a transition fillet between turbine blade surface & hub surface. The ball- 
nosed tool center points (pencil-curves) for the surface can be traced as long as the pencil- 
machining area can be viewed along a certain fixed tool-axis, in which z-map models for part- 
surface and ball-offset surface can be constructed, followed by tracing the pencil-curves on 
the area. Additional problems, however, should be tackled with care such as selecting cutter- 
axis at each pencil-point, avoiding cutter-interference, etc. 
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Abstract: This paper presents current progress in high performance machining research on die and 

mold manufacturing. This work is being conducted at the Engineering Research Center for 
Net Shape Forming (ERC/NSM) for a number of manufacturing companies and covers: a) 
theoretical and experimental studies of tool failure and tool life in high speed milling of hard 
materials, b) optimization of CNC programs by adjusting spindle RPM and feed rate 
(program OPTIMILL) to maintain nearly constant chip load in machining sculptured 
surfaces, and c) prediction of chip flow, stresses and temperatures in the cutting tool as well 
as residual stresses in the machined surface layer. Experimental studies are conducted using 
a 4-axis HMC with 14,000 rpm spindle and 40 m/min feed rate. Tool materials evaluated 
for tool life and failure include carbides, coated carbides, and PCBN. Workpiece materials 
investigated include HI 3 at 46 HRC, P20 at 20 to 40 HRC, and east iron. Predictions of 
temperatures and stresses are made using the expanded capabilities of a commercially 
available FEM code, developed for the analysis of large plastic deformations. 

1. INTRODUCTION 

1.1 Basics of Die/Mold Manufacturing 

Dies and molds are composed of functional and support components. In injection 
molding and die casting, the functional components are cavities and core inserts, or called die 
cavities in forging. In stamping, they are often referred to as punch and die. Cavities and 
core inserts are usually machined out of solid blocks of die steel. However, large stamping 
dies and punches are often cast to near-final geometry with a machining allowance added. By 
using standard support components, which assure the overall functionality of tooling 
assembly, the time necessary for manufacturing a die/mold is reduced, and machining is 
mainly devoted to producing the core and cavity, or the punch and die. 

The information flow and processing steps used in traditional die/mold manufacturing 
may be divided into die/mold design (including geometry transfer and modification), tool path 
generation, rough machining (of die block and/or EDM electrode), finish machining 
(including semi-fmishing where necessary), manual finishing or benching (including manual 
and automated polishing), and tryout. An information flow model is presented in Figure 1. 

In the manufacturing of dies and molds, a great portion of the lead time is spent for 
machining and polishing operations, as outline for stamping in Fig. 2. Though surface finish 
is not as critical as for injection molds, dies for sheet metal forming still take up to 40% of the 
processing time for machining but around 20% for polishing/manual finishing. The numbers 
for injection molds and die casting dies lie between these figures. Surface finish requirements 
for injection molds are higher than forging and stamping dies, but complex geometry impedes 



the application of automated polishing. Therefore, it is not surprising that the machining and 
polishing portion of a die/mold manufacturing job represents two third of the total 
manufacturing costs [1]. Attempts to increase productivity and reduce costs should start with 
the efforts to reduce the lead time involved in machining and polishing processes. 




Figure 1. Information flow and processing steps in die / mold manufacturing 

1.2 High Performance Machining 

With the advances in machine tools and cutting tool materials, High-speed 
Milling/Machining (HSM) has become a cost-effective manufacturing process to produce 
parts with high precision and surface quality. Recently, HSM is applied to machining of alloy 
steels (usually hardness >30 HRC) for making dies/molds used in production of automotive 
and electronic parts, as well as plastic molding parts [1]. The definition of HSM is based on 
the type of workpiece material being machined. Figure 3 shows generally accepted cutting 
speeds in high-speed machining of various materials [2]. For instance, a cutting speed of 500 
m/min is considered high-speed machining for alloy steel, whereas this speed is considered 
conventional in cutting aluminum. Major advantages of high-speed machining are reported as 
high material removal rates, reduction in lead times, low cutting forces, decrease in workpiece 
distortion, and improvement of part precision and surface finish. However, the problems 
associated with HSM application differ with the work material and desired part geometry. 
The common disadvantages of high-speed machining are claimed to be excessive tool wear. 
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the need for expensive machine tools with advanced spindles and controllers, fixturing, 
balancing of the tool holder, and most importantly, the need for advanced tool materials and 
coatings. 




Planning Generation Finiahing 

Figure 2. Lead time for each step in stamping die manufacturing 



□ Transition Range ■High Speed Machining Range 




Cutting Speed (m/min) 



Figure 3. Cutting speed ranges in machining of various material [2] 

Parallel to the increase in HSM applications, there is an increase in research for the 
development of new cutting tool materials, design of cutting tool inserts, new strategies for 
CNC cutter path generation, and optimization for cutting conditions. Furthermore, computer- 
aided simulation of cutting processes are emerging as useful techniques for predicting tool 
temperatures and stresses and for evaluating tool life. 

2. APPLICATIONS OF HIGH-SPEED MILLING 

High-speed milling of aluminum alloys has been practiced extensively in aerospace 
industry for more than one decade. Recent applications of HSM are mainly in hard turning, 
die/mold manufacturing, and machining of castings. The goal of the high-speed milling 
research was to determine the performance of advanced cutters and identify recommended 
cutting speeds and feed rates. At the ERC/NSM, the investigation was focused on machining 
time and surface finish. For these purposes, the milling experiments were performed on a 4- 
axis high-speed horizontal milling center (Fig. 4). Indexable ball end milling inserts were 
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used and one of the two cutting edges was ground to avoid the influence of tool run-out on 
tool wear. 

Three work materials, including cast iron, P20 (30 HRC), and HI 3 (46 HRC), were 
investigated for HSM applications at ERC/NSM. The alloyed cast iron with the GM 
specification GM241 (at hardness of 210 HBN) is primarily utilized for manufacturing 
stamping dies. P20 mold steel is by far the most common steel for injection molds. Due to its 
low carbon content, it is usually machined in its pre-hardened state (30 HRC) and is 
subsequently case hardened to 50-55 HRC. In the applications for die casting dies, the hot 
work die steel HI 3 is finish machined at 46 HRC. 







* 4-axis, horizontal 

* 14,000fpm, 1 8. SkW spindle 

* HSK-^A 63 lool holders 

» 40m/mih maximum feed rate 

* 560x560x560 mm envelope 

* Fanuc WUB 



Figure 4. High-speed milling center used in present research 



The cutting performances for various tool materials (PCBN, uncoated, TiN, TiCN, and 
TiAlN coated carbide inserts) were compared through experiment. The tool geometry and 
cutter specifications are given in Fig. 5. PCBN 2 with 90% CBN and a metallic binder phase 
was selected for all three workpiece materials. Tests for cast iron were also performed with 
PCBN 0, which contains 65% CBN and a ceramic binder phase based on titanium nitride 
(TiN). The PCBN inserts consisted of an approximately 0.8 mm thick layer of PCBN brazed 
on a carbide base. Besides, the cutting edge of the PCBN inserts was prepared with a hone of 
25pm. 



2.1 High Speed Milling of Cast Iron 

In machining of cast iron, coated carbides, CBN, and SiN tools are most commonly used. In 
the present study, coated carbides and selected CBN grades were investigated. Using TiN- 
coated carbide inserts instead of uncoated tools increases productivity in terms of cutting 
speed by 25% while tool life increases by more than 500%. In addition, TiAlN-coated inserts 
cut at least three times longer than TiN- or TiCN-coated inserts at any cutting speed. Fig. 6. 
However, PCBN inserts outperformed the coated carbide inserts. Tool life tests were aborted 
after surface area of 1.6 m^ was machined. Tool wear on PCBN 2 was measured at = 
60 pm and at VB^^^ = 85 pm on PCBN 0. Abrasion and thermal fatigue were identified as the 
main wear mechanisms. Higher CBN content and higher hardness exhibited favorable wear 
resistance. 

To investigate the influence of cutting speed on surface finish, CBN tools were operated 
at a feed rate of 0.5 mm/tooth and cutting speeds varied from 2.8 to 750 m/min. At 
comparably low cutting speeds from 2.8 to 10 m/min, the surface finish quality was 
unacceptable due to the formation of built-up edge. Surface roughness decreased with an 
increasing cutting speed. Once the cutting speed exceeded 300 m/min, this effect tapered off 
Rz=8.3 pm was measured at the maximum cutting speed of ¥^=750 m/min (see Fig. 7). 
Similar results were obtained for various coatings (TiN, TiCN, TiAlN) and CBN. 



296 




Insert Geometfy 



E ng a gement C on d^ions 












m 




D 

SECTION A-A 


‘ ~y '■ 




X 




Tool Type 




Single insert indexable ball end mill 


Tool Diameter 


D [mm] 


25.4 


No of Cutting Edges 


Z 




Tool Geometry 


['] 




Till Angle 


3,n n 


30 


Lead Angle 


3rl“] 


0 


Tool Life Criterion 


VB [mm] 


0.150 


Figure 5. Tool geometry and tool life criterion used for the cutting tools 




Workpiece Material: 
Ball End Mill: 
Cutting Mode: 

Tool Life Criterion: 


GM241 (210 HBN) 

D = 25.4 mm (z = 1) 
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Figure 6. Summary of all tool life experiments in pearlitic cast iron 

Based on the studies conducted at ERC/NSM and experiences obtained in various die 
shops, the application of CBN cutting tools on finishing of gray cast iron is highly 
recommended because of their superior performance in terms of tool life and surface finish. 
Harder grades of PCBN with metallic binder phases and high CBN content such as PCBN 2 
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are expected to perform better than PCBN materials with ceramic binder phases and lower 
CBN content. The difference in tool life and surface finish between conventional milling and 
climb milling can be neglected. 




Cutting Speed [m/min] 



Figure 7. Influence of cutting speed on surface finish when cutting cast iron 



2.2 High Speed Milling of P20 

In machining of P20 mold steel, the performance of uncoated carbide inserts was inferior 
to the other tool materials even at the lowest cutting speed of 300 m/min due to 
accelerated flank and crater wear (Fig. 8). It can be assumed that the temperatures on the 
cutting edge already exceeded T = 700°C, which is the oxidation barrier for carbide tooling. 
TiN-coated carbide tools performed better than TiAlN- and TiCN-coated inserts. PCBN 2 
exhibited less flank wear than TiN-coated tools, but failed due to chipping after the area A= 
0.56 m^ was finish machined. 

The tests at Vc= 550 m/min showed that tool wear on coated inserts developed at similar 
rates. Even at these conditions, TiAlN and TiCN coatings did not outperform TiN coating. 
Wear in PCBN 2 was developing at a very slow rate, and the test was aborted after A = 1 .27 
m^. At this stage, the flank wear on this insert was measured to be VB = 82 pm. The PCBN 
2 insert at 800 m/min wore out after A= 0.375 m^ was machined. Nevertheless, when 
comparing the results for 550 and 800 m/min, it was found that for approximately the 
same tool life, productivity can be increased by 30% when using PCBN 2 instead of coated 
carbides. 

As in the machining of cast iron, PCBN 2 inserts also yielded the best surface finish when 
cutting P20, Fig. 9. The roughness measurements were taken after the inserts reached the end 
of tool life at VB=150 pm with the exception of PCBN 2 for Vc=550 m/min. With PCBN 
inserts, surface roughness of less than 5 pm could be achieved at 550 m/min as well as at 
800 m/min. Despite the comparably low hardness of the workpiece, the use of PCBN 2 
cutting tools can be recommended for finish machining of P20. However, it has to be 
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considered that the conditions prevailing at cutting speeds around ¥^=300 m/min lead to 
insert fracture. 




Tool Material 



VB = S2 pm 



Figure 8. Performance of different tool materials in HSM of P20 




TiAIN TiCN TiN PCBN 2 PCBN 2 



Cutting Tool Material ni/min) 

Figure 9. Surface finish with different cutting materials in HSM of P20 

2.3 High Speed Milling of H13 

In machining of HI 3 die steel, TiN-coated carbide inserts outperformed the other coated 
carbide and PCBN 2 inserts at the cutting speeds 300 and 450 m/min, Fig. 10. For 
PCBN inserts, the longest tool life in terms of finished area was achieved at a cutting speed of 
800 m/min (A= 1875 cm^). At these conditions, TiN-coated inserts reached the end of 
tool life criterion after an area of 750 cm^ was finished. Compared to stamping dies and 
injection molds, die casting dies and forging dies consist of fairly intricate geometries. If the 
chip thickness was maintained, a cutting speed of 800 m/min would require a feed rate of 6.9 
m/min. Considering the acceleration and deceleration capabilities of machining centers 
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available on the market today, it is impossible to achieve on fairly small die geometry. 
Consequently, PCBN 2 inserts should not be considered and TiN coated carbide inserts are 
recommended for the finishing of HI 3 dies. The optimum cutting speed was found to be 
= 450 m/min. 

3. OPTIMIZATION OF CNC PROGRAM IN MILLING 
SCULPUTRED SURFACES 

3.1 High Performance Machining - Roughing 

In roughing operations, whenever possible it is desirable to enter the workpiece from the 
top. The preferred method is to use a helical motion as shown in Fig. 11. The helical motion 
should maintain a constant diameter and downward velocity. In order not to have any 
material left on the top, the diameter of the helical motion should be sufficiently less than two 
times the diameter of the tool. It is very important to remember that the plunging capability 
of some tools is limited. When a cutter approaches a comer, chip thickness and engagement 
angle increase dramatically, causing a thermal and mechanical shock in the tool. Fig. 12. This 
can be significantly reduced by placing a small arc in the tool path. This condition improves 
with an increasing arc angle, but with the aftereffect of an increase of material left in the 
comer. The comer material can then be removed using a smaller tool. 
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Figure 10. Performance of different cutting materials in HSM of HI 3 

3.2 High Performance Machining - Finishing 

The main purpose of high-speed milling is to diminish the effort for manual polishing and, 
at the same time, get the finishing job done as quickly as possible. Improved surface finishes 
are achieved through an increased number of finishing paths. The step over distance or pick 
feed in combination with tool radius determines the theoretical surface roughness. Since the 
maximum cutter radius is limited by part geometry, especially fillet radii, the only way to 
minimize the theoretical surface roughness is to minimize the step over distance, which 
results in an increase in machining time. To compensate this increasing time effort, higher 
feed rates and spindle speeds, which result in higher surface cutting speeds, have to be applied. 
Higher temperatures and accelerated tool wear are the unavoidable consequences. 
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Figure 11. Entering a workpiece with a 2" button cutter utilizing helical interpolation 



without circular interpolation in comers with circular interpolation in corners 




Figure 12. Change in chip thickness when cutting comers in pocketing operations 



3.3 Tool Path Optimization for Machining Sculptured Surfaces 

With most current CAM systems, the generation of tool paths for milling of sculptured 
surfaces is mainly based on geometrical considerations. These systems provide little 
assistance for the selection of optimized milling strategies and parameters. Therefore, an 
adaptive finish milling strategy was proposed at ERC/NSM and focused on the optimization 
of tool paths for sculptured surface milling with ball end mills. With the proposed technique, 
the maximum cutting speed and maximum chip load thickness are maintained within a 
prescribed narrow range by regulating the spindle speed and feed rate, respectively, 
depending on the local maximum effective diameter of the cutter. In addition, through 
discrete representation for the workpiece geometry and cutting edge, the distribution of chip 
thickness is generated for a specific tool location within the NC program. The chip thickness 
distribution, which covers several points along the cutting edge and several rotation angles, is 
then used to determine the extreme cutting conditions. Accordingly, the spindle speed and 
feed rate are adjusted to generate the desired levels of cutting conditions. 

Figure 13 shows a cylindrical surface as an application example of adaptive finish milling. 
It is clear that the maximum effective diameter changes for each pass, while the total chip 
thinning factor remains constant. In conventional finish milling, the spindle speed is fixed. 
Given the variations of maximum effective diameter, the maximum cutting speed changes for 
each pass. In adaptive finish milling, the maximum cutting speed is maintained within a 
range by regulating the spindle speed in each pass. Milling time reduction is achieved by 
adjusting the feed rate according to the spindle speed of each pass and the target maximum 
chip thickness. 
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Figure 14. Tool path optimization software 'OPTIMILL' 

A prototype computer program (OPTIMILL) was developed to apply the concept of 
adaptive finish milling, Fig. 14. This software takes an existing NC program in APT format 
and generates a modified version of the same NC program, with added ‘SPINDL’ and 
‘FEDRAT’ words to achieve a narrow range of cutting conditions [4]. OPTIMILL performs 
tool path optimization with three major modules. First, the analysis module provides tool 
engagement and cutting condition data at a specific tool location. Based on these data, the 
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optimization module computes the appropriate spindle speed and feed rate. This module also 
adds ‘SPINDL’ and TEDRAT’ words to the original APT file, if necessary. In a final step, 
the workpiece geometry is updated according to the material removed by the current tool path. 
The simulation parameters in the input file include resolution specifications for the workpiece 
representation (mesh) and cutting edge representation (set of nodes). Information about local 
cutting conditions for both the conventional and optimized NC programs are provided by 
output files. 

Compared to conventional milling techniques, optimized finish milling results in 
reduction of total milling time and, under certain conditions, longer tool life depending on the 
tool life characteristics and the target maximum cutting speed [11]. Limited testing of 
OPTIMILL has shown that, compared to conventional NC programs, reductions in machining 
time of 20-50% are possible [4]. 

4. HARD TURNING 

The “hard turning” process has been gaining interest as a process that can replace 
grinding in a certain class of parts. Hard turning equipment is less capital intensive then 
grinding equipment. In addition, the hard turning process is more then twice as fast as 
grinding and allows the machining of multiple surfaces in one chucking. 

Optimum cutting conditions depend on many parameters. Apart from the workpiece 
material composition and microstructure, the tool material has an immense influence on 
surface finish and part accuracy. The high temperatures and specific forces in continuous 
hard turning require a cutting tool material with high hot hardness and resistance to chipping. 
Currently only PCBN is suitable for this process. Since the introduction of PCBN as a cutting 
material, many advances have taken place. 

The machine tool determines the repeatability of machining results as well as the 
attainable form and precision. Because of the small size of the cross section of the chip, there 
are no special demands on the power of the machine [6]. The main demands are a high static 
and dynamic stiffness, geometric and kinematic accuracy, and thermal stability. 





Section "A-A" (Units: mm) 



Figure 15. Tool geometry of PCBN inserts 

The tool design, in terms of cutting-edge angles, influences chips formation, tool life and 
repeatability. The cutting tool is subject to extreme mechanical and thermal loads putting 
high demands on a controlled process. Utilizing the same boundary conditions, the specific 
components of the cutting forces in HPM double those of soft part machining because of the 
much higher hardness and strength of the workpiece material [7]. This requires a high level 
of hardness and binding toughness of the cutting tool. Additionally, most cutting inserts have 
a chamfer to get a more efficient cutting force vector. Experience indicates that the least 
amount of tool wear at the tool flank can be reached with chamfers of 20°. A chamfer of 5° 
has the lowest cratering but results in more chipping [8], which makes the process ineffective. 
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The main objective of hard turning investigations at the ERC/NSM was to achieve 
surface finishes within the range of 8~12 |ain Ra in hard turning of hardened 1118 steel 
(60-65 HRC) on a retrofitted lathe. Four different grades of PCBN tool materials were 
evaluated. They differed by vendor, CBN content, CBN grain size, and binding phase. A 
secondary aim was to evaluate the "better" PCBN insert type. The supplied PCBN blanks 
were brazed with silver solder on a corner-notch of a carbide base. The insert type used was 
CNGA-432T, which incorporated a T-land chamfer 0.1 mmx20° with an additional hone of 
0.025 mm and a corner radius of 0.8 mm. Fig. 15. 

After the first test batch was run, it became apparent that two of the inserts were 
performing better than the others. It was decided to eliminate the worst two and concentrate 
on the most promising insert types. The insert types that were selected for further study were 
the BZN 8200 from GE Super Abrasives and the DBC50 from DeBeers. The BZN 8200 was 
rated at a 2 pin grain size and a 65% CBN content. Unfortunately, GE Super Abrasives does 
not share the binding phase make-up. The DeBeers insert was rated at a 1-2 pin grain size 
and a 50% CBN content. These two inserts were able to withstand the vibrations created by 
the machine tool for roughly eight bars for BZN8200 and seven bars for DBC50. BZN8200 
resulted in an average machined surface roughness of 8 pin while DBC50 provided an 
average surface roughness of 9 pin. 

Hard Turning work at ERC/NSM has just started recently. So far, we have employed the 
hard turning process to measure flow stress under machining conditions in one project. The 
other project, as discussed above, had the objective of investigating the feasibility of using the 
hard turning process on an older retrofitted machine in production. In the course of these 
projects, we have gained experience in hard turning methods, especially the importance of 
tool edge preparation and the importance of machine tool/work holder/workpiece rigidity. 

5. PREDICTION OF PROCESS VARIABLES IN METAL 
CUTTING USING FEM & ANALYTICAL TECHNIQUES 

5.1 Finite Element Modeling of Metal Cutting 

At the ERC/NSM, orthogonal cutting simulation is implemented using “DEFORM”. An 
additional module has been developed and incorporated into this code to predict segmented 
chip formation by deleting the elements that reach a "critical damage value" that causes 
fracture, [14]. “DEFORM” is able to automatically remesh the objects and generate a very 
dense mesh near the tool tip so that it can handle large gradients of strain, strain-rate and 
temperature. Moreover, the capabilities of automatic remeshing make it possible to study 
tools with chamfered and rounded edges. Although the assumed input data for material 
properties and friction were approximated, it was able to simulate various chip shapes with 
relatively little effort. 

a) Continuous chip formation and the effects of rake angle, cutting speed, and uncut chip 
thickness upon chip flow were studied [13]. Continuous chip flow has been also used for 
orthogonal cutting simulations, using various rake face geometries for cutting speeds up to 
1100 m/min. Figure 16 [19]. The validity of the FEA model for orthogonal cutting was 
tested by comparing the simulation results with experimental data from [18]. In addition, 
FE simulations were performed to estimate flank wear using wear models, given in the 
literature [16]. This preliminary investigation demonstrated that with reliable input data 
on material properties and friction, it is possible to estimate chip flow and cutting forces. 

b) Chip formation in slot milling. The simulation model has been applied to slot milling 
with straight cutting edges. The two movements of a milling cutter, linear and rotational 
movement, have been superimposed which results in variable chip thickness, also referred 
to as chip thinning. In this case plane strain behavior is assumed and, therefore, 2D 
simulations give a reasonable representations of the process [29]. 
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c) Segmented chip flow has been investigated in cutting applications with the 
methodology developed for shearing in blanking simulations [32, 14]. Figure 17 illustrates the 
effect of rake angle, rake face geometry, and cutting speed upon segmented chip formation. 
While this work is still very preliminary, it seems to have considerable potential for predicting 
chip flow that represents “real conditions”. 




Figure 16. Simulation of orthogonal cutting in AISI 1045 steel with grooved tool (HSS). 

Temperature contours in tool and workpiece (V=250 mm/s, rake angle=30°, 
uncut chip thickness=l mm, tool tip radius=0.1 mm, groove radius=2 mm) [19] 

5.2 Analytical Modeling of Metal Cutting 

A predictive machining theory was developed by Oxley [26]. The theory can calculate 
forces, temperatures, average stresses, strains, and strain rates from basic material properties 
of the workpiece (flow stress data and thermal properties), tool geometry and cutting 
conditions. The basis of the theory is to analyze, in terms of the shear angle (j), shown in 
Figure 18, the stress distributions along the shear plane AB and the tool-chip interface. The 
value of (J) is selected such that the resultant forces transmitted by AB and the interface are in 
equilibrium [27]. Once the value of (|) is determined, the uncut chip thickness t 2 and the 
various components of forces can be determined. For orthogonal cutting, the values of the cut 
chip thickness and the values of forces, predicted by the theory, were found to be in good 
agreement with experimental results [27]. 

Oxley’s machining theory has been used to: 

a) predict cutting forces in oblique turning [22], 

b) estimate cutting forces in turning using oblique sharp nose tools [17], 

c) predict chip flow and cutting forces in turning using non-oblique nose radius tools [34], 

d) estimate temperatures and tool wear rate in orthogonal turning [24], 

e) predict cutting forces in face milling using non-oblique nose radius tool [35], 

f) obtain chip flow direction and cutting forces in oblique turning with nose radius tools 

[ 12 ]. 

g) At the ERC/NSM, Oxley’s approach has been used to develop a computer program 
called “OXCUT”. This program was designed to compute cutting forces, average 
values of temperature, effective stress, strain and strain rate in the primary shear zone 
and secondary shear zone (at the tool-chip interface) for orthogonal cutting, as well as 
for the extended applications such as ball end milling and face milling using oblique 
nose radius tools. 
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Figure 17. Simulation of segmented chip formation in cutting AISI 1045 steel with HSS tool, 
(y^=200 m/min, rake angle=-6°, uncut chip thickness = 0.5 mm) [14]. 



6. DETEMINATION OF MATERIAL FLOW STRESS 
UNDER MACHINING CONDITIONS 

For practical cutting speeds, the average strain rate values lies within the vicinity of 10"^- 
10^ s'f Many researchers have used high speed compression tests [28] and Hopkinson’s 
impact compression tests [21, 23 & 33] to determine flow stress data for workpiece materials. 
Due to the difficulty of performing those high speed tests, the flow stress data were obtained 
at limited and relatively low values of strain rates usually not higher than 2,000 s'^ whereas, 
the strain rate values encountered in practical machining operations are within the vicinity of 
10^10' s-f 

At the ERC/NSM, the strategy is to analyze the mechanics of metal cutting by using flow 
stress data determined under realistic cutting conditions. For this purpose, it was attempted to 
utilize orthogonal cutting tests to estimate flow stress data and friction characteristics at the 
contact interface. 




Figure 18. Picture from FEM simulation showing the parameters of Oxley's approach 

6.1 Using FEM in Conjunction with Orthogonal Turning Experiments 

A methodology was developed to determine simultaneously the flow stress of the 
workpiece material at high deformation rates, temperatures encountered in the cutting zone, 
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and friction at the chip-tool interface [29]. This methodology uses the cutting and thrust force 
data measured from high speed orthogonal cutting experiments in order to calibrate an FEM 
simulated process model. In the orthogonal cutting process simulations, by using criteria from 
the cutting conditions (cutting velocity and uncut chip thickness), boundaries of the primary 
deformation zone (Fig. 18) are identified and the average strain rates and temperatures are 
computed. Flow stress of the workpiece material at computed average strain rates and 
temperatures is determined in an iterative scheme until the prediction error for cutting force 
becomes less than 10%. 

In addition, the average strain rates and temperatures are computed at the chip-tool 
interface and the average shear friction is estimated. The unknown friction coefficients are 
determined in another iterative scheme until the prediction error for thrust force becomes less 
than 10%. Therefore, the unknown parameters in the friction model and the flow stress data 
are estimated simultaneously. This methodology was applied to obtain flow stress for P20 
mold steel (at hardness of 30 HRC) and friction data in machining with uncoated tungsten 
carbide (WC) cutting tool. The experimental cutting conditions of 200-550 m/min cutting 
speed (FJ, and 0.025-0.100 mm/rev feed rate {Vj) were used. 

This methodology uses FEM simulations in conjunction with orthogonal turning 
experiments. It requires many FEM simulations and iterations, which take considerable time. 
Therefore, a simpler procedure, using OXCUT, has been developed to obtain the flow stress 
data. 




Figure 19. Schematic diagram showing the 2-D orthogonal slot milling 

6.2 Using OXCUT in Conjunction with orthogonal Slot Milling Experiments 

In this technique cutting and thrust forces are obtained from orthogonal slot milling 
experiments. Figure 19. These data are compared with those predicted by OXCUT using an 
initial guess of a flow stress equation. The parameters of the flow stress equation are “tuned” 
until the forces predicted from OXCUT match those obtained from experiments for all tool 
rotation angles. The advantage of the suggested technique is that OXCUT only needs 
calculation time of a few minutes. Moreover, it calculates average strains, strain rates and 
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temperatures in the primary and secondary deformation zones that match very well with those 
obtained from FEM. 

Furthermore, using orthogonal slot milling tests to obtain flow stress data will help us 
obtain more states of strains, strain rates and temperatures. This arises from the fact that 
during each rotation of the cutter, strains, strain rates and temperatures change with the 
rotation angle due to the variation in depth of cut. Figure 20. Thus, one slot milling 
experiment in conjunction with one run of OXCUT helps to obtain the flow stress equation 
that satisfies different conditions of strain, strain rate and temperature. Two or three runs at 
different orthogonal slot milling conditions will make sure that the obtained flow stress 
equation is robust enough to be applied within a reasonable range of values of strains, strain 
rates and temperatures. 




Figure 20. Variation of temperature with rotation angle in the primary zone and at tool-chip 
interface, predicted from OXCUT in slot milling 
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Figure 21. Comparison of OXCUT, FEM and experiment for orthogonal turning of LCFCS [15] 



7. APPLICATION OF ANALYTICAL-BASED COMPUTER 
MODELING (OXCUT) TO PREDICT FORCES, AVERAGE 
STRESSES AND TEMPERATURES IN METAL CUTTING 

7.1 Orthogonal Turning 

Figure 21 illustrates a comparison of temperature and effective strain rate predicted from 
OXCUT, FEM and Childs’s orthogonal tests at a cutting speed of 150 and 250 m/min [15]. 
The workpiece material is low carbon free cutting steel (LCFCS). The tool rake angle, uncut 
chip thickness and width of cut are 0°, 0.1 mm and 1 mm, respectively. For FEM, the lower 
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and upper values of the results for the specific zone (primary or secondary) are shown. The 
contour lines of temperature, effective stress, strain and strain rate obtained from FEM are 
parallel to the directions of the primary and secondary shear zones [30]. This indicates that 
the temperature, stress, strain and strain rate do not vary significantly along the shear plane or 
along the tool-chip interface and are close to the average values predicted from OXCUT. 




Figure 22. Comparison of OXCUT, DEFORM and experimental results for 2-D slot milling 

ofTi6A14V [31] 




Figure 23. 3-D face milling of P20: experimental and predicted results 

7.2 2-D Slot Milling 

Figure 22 illustrates a comparison of results obtained from experiment [31], OXCUT and 
DEFORM of the cutting forces in the X and Y directions vs. tool rotation angle for the slot 
milling of the titanium alloy Ti6A14V. Flow stress data and thermal properties of that alloy 
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are obtained from the literature [21 & 25]. Friction at the tool-workpiece interface was 
obtained from OXCUT (calculated as part of the solution) and input to DEFORM in addition 
to the other input data. The tool geometry and cutting conditions of Figure 22 are feed=0.25 
mm/rev/tooth, cutting velocity=74.81 m/min, rake angle=0°, clearance angle=7° and width of 
cut (a„)=3 mm. 

To analyze the slot milling process using OXCUT, the circular tool path is digitized at 
tool rotation angles in steps of 5° in a manner similar to the work of Young et al. [35]. At 
each increment, the current depth of cut ti at a certain tool rotation angle 0 is calculated (ti = f 
sin 0, f = feed). The cutting and feed forces are calculated using OXCUT for each depth of 
cut at each angular increment of tool rotation. Then, the cutting and feed forces are 
transformed into the global X and Y directions to compare with experimental and finite 
element results. 

7.3 3-D Face Milling 

Figure 23 shows that three force components predicted by OXCUT are in reasonable 
agreement with experimental results for 3-D face milling of P20 steel (30 HRC). At each 
angle of tool rotation, the uncut chip thickness and geometry of equivalent cutting edge are 
obtained by a similar approach as proposed by Young et al. [35]. The cutting conditions are 
lead angle = axial rake angle = radial rake angle=0°, depth of cut=2 mm, nose radius=0.8 mm, 
feed rate=0. 1 mm/tooth, and cutting speed=200 m/min. 

The work of Young et al. was extended at the ERC/NSM to analyze face milling with 
inserts of non-zero axial and radial rake angles. This is done by using 3-D vector analysis to 
calculate the normal rake angle of the insert at each tool rotation angle and considering the 
axial rake angle as the inclination angle. Then, at each tool rotation angle, the equivalent 
cutting edge and cutting forces are obtained in a manner similar to the analysis of oblique 
turning, using nose radius inserts, done by Arsecularante et al. [12]. 




Figure 24. Ball end milling of Ti6A14V (ball nose radius=9.525 mm, normal rake angle=5°, 
feed=0.1O16 mm/flute, axial depth of cut=3.81 mm, flutes=l, spindle speed=269 
rpm, inclination angle=30°). 



7.4 Ball End Milling of Ti6A14V 

The ball end mill is divided into slabs in a manner similar to the work of Lee and Altintas 
[20]. A computer program was written to calculate the oblique parameters (e.g. normal rake 
angle, inclination angle and depth of cut) associated with each slab. This code was integrated 
into OXCUT to predict cutting forces, average temperatures and stresses at the tool rake face 
for each slab. The calculated slab forces were then resolved into the X, Y and Z directions 
and summed up for all slabs to obtain the resultant cutting forces. In the case of ball end 
milling of Ti6A14V, the force components obtained experimentally and analytically in the 
literature [20] (top) are compared with those predicted by OXCUT (bottom) in Figure 24. 
Flow stress data and thermal properties were obtained from the literature [21]. 
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8. APPLICATION OF FEM TO ESTIMATE DISTRIBUTIONS 
OF TEMPERATURE AND STRESSES IN METAL CUTTING 



8.1 Orthogonal Turning 

DEFORM simulations were performed with the same cutting conditions and workpiece 
material (LCFCS) as those used by Childs et al [15]. The rake angle and feed rate of tool 
were 0° and 0.1 mm, respectively. The cutting velocity was 150 m/min. Flow stress and 
contact friction data at the tool-chip interface were obtained from the literature [15]. Figure 
25 shows the predicted temperature distribution in °C for the tool and workpiece. Through 
FEM simulation, the predicted data of stress, temperature and relative velocity on the tool 
rake face and flank face may then be applied to estimate volumetric rates of crater wear and 
flank wear of the tool. 
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Figure 25. Temperature distribution (°C) predicted from FEM simulation for orthogonal 
turning of LCFCS (cutting speed=150 m/min, rake angle=0°, depth of cut=0.1 mm. 

8.2 2-D Slot Milling 

FEM simulation using DEFORM was also used in analyzing the 2-D orthogonal slot 
milling operation [29]. The workpiece material used was P20 mold steel hardened to 30 HRC. 
Flow stress and friction data were given in the literature [23]. In this case, the uncut chip 
thickness changes continuously due to the simultaneous linear translation as the tool rotates. 
The feed rate and cutting speed were 0.155 mm/tooth and 200 m/min. The rake angle, 
clearance angle and hone radius of the tool were -11.4°, 17.9°, and 0.012 mm, respectively. 
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Figure 26 shows the temperature distribution (°C) for the tool and workpiece at a rotation 
angle of 72°. The cutting forces predicted by FEM simulations were found to be in good 
agreement with those obtained from experiment [29]. 




Figure 26. Temperature distribution (°C) predicted from FEM simulation for 2-D slot milling 
of P20 mold steel at a rotation angle of 72° (hardness =30 HRC, feed rate =0.155 
mm/tooth, cutting speed =200/min,) 



9. SUMMARY AND CONCLUSIONS 

In recent years High Speed Cutting (HSC) technology is increasingly used in machining 
of dies and molds. The objectives are to reduce lead times while increasing dimensional 
tolerances and surface integrity. The cost-effective application of HSC requires advances in 
all components of the HSC system, including: machine tools, spindles and tool holders, 
controllers, NC programming strategy, tool materials and coatings, reliability and process 
knowledge. 

Similar to other relatively new and leading edge manufacturing technologies, the 
application of HSC will continue to increase with the knowledge base and the detailed 
understanding of the process. The high temperatures and stresses, developed in HSC, are 
greatly influenced by tool insert design (geometry, material and coating). Ongoing research 
indicates that cutting temperatures and stresses can be predicted with reasonable accuracy, 
using FEM analysis. These predictions have the potential to allow the a) prediction and 
control of tool failure (diffusion, wear and chipping), b) optimization of cutting variables to 
extend tool life and improve surface integrity, and c) design of inserts for specific applications. 
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In the future, we can expect process simulation will be very helpful to optimize tool design 
and eliminate premature tool failure, thus contributing to expand the areas of application of 
HSC technology. 

Parallel to FEM applications, it is still useful to utilize analytical-based modeling to 
predict cutting forces, average contact stresses and temperatures as well as to determine flow 
stress data from cutting experiments. 
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1. PROCESS OF HYDROFORMING TOOL PRODUCTION 

On CAD-level the hydroforming tool was designed by using drawing simulation software 
tools to make shure that the drawing process works. CAD-data is communicated to the NC- 
Programming system where the planning of the machining processes takes place. The milling 
strategy has to be selected. Tool path generation with the right cutters, all cutting parameters 
such as feedrate, spindle speed, depth of cutting are done by the NC-programming system. 
CNC-machining is the milling process where the final tool is created. After the final 
workpiece is available the quality of the part has to be evaluated. In the field of free form 
surface parts such as hydroforming parts different measuring methods can be applied. 
Typically the part is measured on a coordinate measuring machine. The part is probed along a 
couple of cross sections. The resulting polygone can then be checked against the CAD- 
original, More sophisticated methods are taking millions of surface points with optical sensors. 
Based on this points a surface is then mathematically re-engineered for the purpose of 
comparison against the original CAD-surfaces. 
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Figure 1. CAD-CAM-CNC-process for hydroforming tools 



2. PROBLEMS OF CONVENTIONAL NC-PROGRAMMING 

While CAD-systems provide very sophisticated mathematical capablilities to represent 
geometry for free form surfaces such as Bezier-Splines and NURBS, CAM-systems and 
conventional CNC-controllers don’t. CAM-systems create by their NC-generation the tool 
path point by point. This creates for the CNC-controller a sequence of linear blocks. Even if 
new CAM-methods would generate higher level geometrical representations conventional 
CNC-technology would not be able to handle this data. 
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Figure 2: ISO code programming 

Especially in the field of mould and die machining the user expects a high volumetric 
accuracy in the range of 1-2/100 mm and on top of this very smooth surface quality. The 
figure shows a red contour which is considered as the original tool path created by a cross 
section through the CAD-surface. But this line is represented by a polygone and this cretaes a 
series of subsequential problems. 

First of all the original surface of the workpiece is not exactly represented. This means 
that a path error is introduced even before the machine starts to move. The more curvature we 
have the more linear blocks are required to model the tool path within a given tolerance band. 
CNC-controllers have a given performance to process these blocks. So this situation can 
easily create computing limitations with the consequence that the controller has to reduce the 
path velocity. 
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Figure 3. The problem of block cycle times 



Today we are introducing high speed machines. We at Siemens have realized already 
milling machines but also Parallel Kinematic machines which are operating at 5g acceleration. 
This is about 10-20 times faster than conventional machines. Using the same old way of 
representing the tool path by linear blocks the required block cycle times go in the range of 
sub-milliseconds. Increasing requirements are also the volumetric accuracy. The example I 

316 





have presented at the beginning is a hydroforming die. Because of hydroforming process 
requirements the volumetric accuracy must be very good. This means for NC-programming 
that the tolerance band is getting tighter which again shortens the linear blocks and requires 
shorter cycle times. This dilemma can only resolved by replacing this very primitive method 
of representing the path geometry on CAM- and CNC-level by more sophisticated methods 
such as spline representations. 
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Figure 4. Machine dynamics 

The picture shows a very primitive 2-dimensional tool path. A CNC-controller has to 
deduct out of this path the velocity profile of both partieipating machine axes. The result are 
two rectangular velocity profiles whieh have the meaning that the maehine is required to 
perform at infinite aeeeleration and decceleration. This is impossible to a meehanieal system. 
As a consequence the eontroller caleulates tricky profiles to avoid the problems with the result 
of lack of productivity and severe problems on cutting conditions. 
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Figure 5. Productivity 



The figure shows two different tool path representations. One is the old way of sequencial 
linear blocks. The other one is a smooth splinetype of curve. Because of non tangent 
transitions of the polygone the CNC has to deal with jumps of path velocity. This can only be 
treated by reducing the overall path velocity. Because the controller must avoid any 
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mechanical damage to the machine. The smooth contour has tangent continuity and can be 
executed by the controller and the machine at a much higher average path velocity which 
means at the same time a much higher productivity. 

3. NON UNIFORM RATIONAL B-SPLINES (NURBS) 

During design and specification of the new Siemens controls technology we have 
introduced NURBS-technology by an objectoreinted way of implementation. We have not 
only a wide spectrum of spline methods realized we can even apply this spline features on all 
kind od variable treatment. While in the meantime some control vendors have also spline 
technology available this is in all cases limited to three axes. But especially when it comes to 
free form surface machining we must handle 5-axes of different machine configurations. But 
even more important is the fact that we can apply the spline methods on other variables than 
just the tool path interpolation. For example we can program the feedrate also by spline 
technology. 
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Figure 6. Spline interpolation methods 840D 



The figure shows four different Spline-Interpolation methods which can be applied: 
Akima, C-Spline, Bezier-Spline and NURBS. In addition to this we have agreed with most of 
the CAD/CAM-suppliers that it is more efficiant to represent curves by rational polynomials. 
This interface format is used within most of our current applications. The last figure is the 
spline based programming and interpolation of the feedrate which is very unique and can 
create very good surface qualities. 

By applying NURBS-technology over almost 4 years in a wide spectrum of applications 
we have also developed two very practical software tools for the users. Because most of the 
CAM-system still don’t provide Spline-data as the tool path representation the Siemens- 
controller can read conventional NC-data in a linear form and converts this data in real time 
into spline data. By the help of this tool the controller is compatible to existing NC- 
programming code. 

The second software tool is for offline programming and is named ’’Speedmill”. This tool 
does in a very sophisticated way the conversion of conventional linear programming into 
Spline-format. 



4. NURBS-TEST MACHINING BY VOLVO 
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The Swedish Volvo Corporation did end of 1996 serious evaluation tests regarding spline 
programming methods. Volvo designed a very critical test part by CATIA. 



mmMr 

NURBS-Milling-Test • CAD-Model 




Figure 7. VOLVO NURBS-milling-test • CAD-model 



The part was machined in aluminum and not in steel because they wanted to eliminate 
potential cutting limitations. The interest was only the influence of spline interpolation. The 
final part is shown on the next figure: 



NURBS>Milling4est* Workpiece 




Figure 8. VOLVO NURBS-milling-test • workpiece 



The evaluation criterias were the total machining time or the average feedrate but also the 
size of the NC-programs and finally the overall volumetric accuracy. 

The first milling test was cutting the part by using the original conventional NC-program 
based on linear-point based programming. The second test was executed after the point based 
program was converted into splines. 

The main result was that the machining time was reduced by Splines from 240 min to 120 
min which means that the productivity was just doubled. The same statement can be 
expressed by the increase of the average feedrate from about Im/min to 2 m/min. The size of 
the conventional program was about 180.000 NC-blocks while the Spline-program was only 
50.000 blocks. 
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Figure 9. VOLVO NURBS -mil ling-test • results 



The measurements on the CMM-machine resulted in a better volumetric accuracy and a 
much smoother surface quality which is especially for tool and die applications very 
important. 
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Figure 10. VOLVO NURBS-milling-test • measuring results 



5. PARALLEL KINEMATIC MACHINES 

Parallel Kinematic Machines (PKM’s) came up as prototypes the first time on the 
International Machine Tool Show in Chicago 1994. Three machines were presented by the 
companies: Giddings&Lewis, Ingersoll and Geodetic. Since this time Siemens is doing 
serious development work on this new technology. After some years of experimenting with 
different prototypes we have now the first series production machines available. 

The term ’’parallel” means that a parallel kinematic machine is constructed only out of 
axes which carry only themselves. While in conventional serial mechanical designs axes are 
carrying each other. Imagine a simple 3-axes mill. One axes sits on top of the other. This 
creates high masses even if only little movement of the machine takes place. 
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Figure 11. Kinematic principles of a hexapod 



The figure shows the kinematic principle of a parallel machine. In this case we have a 
Hexapod-machine because the machine is composed out of 6 legs or struts. A strut is a 
telescopic leg which can change its length. In the figure 6 legs are attached to the ground 
through 6 sphere joints. On the other side 6 struts end in three sphere Joint. (This is for 
example the design of Geodetic). If all 6 struts are stretching out in the same way the upper 
triangle which is also called the spindle platform will move in +Z-direction. If the struts of the 
left side are stretching out more than the struts on the right side the spindle platform moves to 
the right and can also change its orientation. Imagine a spindle motor and a cutter mounted on 
the upper platform we have already a milling machine. If this machine starts cutting forces are 
created. This forces are then introduced to all the 6 struts and each strut is by itself and not 
carrying other axes. That’s ’’Parallel”. 

There are serious advantages of Parallel Machines. The fact of independent axes the 
machine can be built much lighter. The total moving mass can be drastically reduced and this 
creates the ability of a very high dynamic. Also a benefit of the Parallel design is the fact that 
the base structure is very stable and stiff so again weight can be reduced. From the cost side - 
if the designer of the machine does it right - the machines will end up much cheaper because 
identical parts can be applied and manufacturing is reduced to a simple assembly process. 

The video shows most Parallel Kinematic Machine projects which have been realized 
during the last years. Most of this examples are done by my own Business Development team. 



6. NEOS TRICEPT MACHINING CENTER TMC 805 

Neos is a Swedish company and is working on their patented so called Tricept-technology 
since the late eighties. Three years ago Neos have introduced their first Tricept-machine 
which is a machine for robotics applications and light milling. Together with Siemens a new 
Generation of Tricepts was developed during the last two years the Tricept Machining Center 
TMC 805. 

The machine is a hybrid machine in the sense that three struts built a kernel Tripod 
machine. Attached to the spindle platform two additional rotary axes are added in a serial way. 
In the middle of the machine is the so called Center Tube which is based on the Neos patent. 
The central tube takes resulting moments and protects the machine against twisting and 
bending. 
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Tricept Machining Center 305 




Figure 12. Neos tricept 



This machine configuration is for heavy milling. Therefore the Tricept-module is attached 
to three columns which make this set up extremely stiff We have here stiffness in Z-direction 
of 150 N/Mikron and in the X-Y-direction 90 N/Mikron. The working envelope is 2.5 m of 
rotary table and 800 mm in the Z-direction. The machine operates at up to 100 m/min path 
velocity and over 2g path acceleration. The typical spindle is from IBAG at 45 KW and up to 
24.000 rpm’s at constant torque. The volumetric accuracy is in the average +/- 2/100 mm. 

We have developed a new regulation and error compensation approach together with 
Neos. This recently patented new methods give us the capability of auto-calibration and also 
real time errors compensation by using the so called direct measuring system: 

The basic idea behind is that whatever machine errors occure statically and dynamicaly 
the total error will be visible by watching the central tube of the machine. Therefore we are 
using the three measuring systems of the Central Tube as the feedback for position loop and 
velocity control. 
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Figure 13. Tricept TR 805 • auto calibration 
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7. MACHINING HYDROFORMING TOOLS ON TRICEPT 
MACHINE 

Between October 27 and 29 the first machining test for a SMG-Schafer tubular forming 
die took place on the new TMC805 Tricept-machine. This test cut was done in Uriol-material 
because we wanted to have a model first for measuring purposes without cutting limitations 
caused by a steel die. 

7.1 Test Workpiece 

The die on the picture is the lower half of a tubular forming die. The dimensions are about 
600 by 600 mm. The forming area is visible in the center of the part and is a s-curved channel. 
This is the forming zone where the blank comes in. 
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Tubular Forming Die SchMer* CAD-Model 




Figure 14. Tubular forming die Schafer • CAD-model 

7.2 Machining Results 

The machining time of a conventional Gantry-machine was 64 hours in steel. This was 
done on what is called ’’latest technology” 5-axes milling machine and the volumetric 
accuracy was in the range of +/- 1/10 mm. Our machining test was done in Uriol because we 
wanted to find out first the machine capabilities without speed reductions caused by cutting 
limitation sof steel. 
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Figure 15. Tubular forming die Schafer * workpiece 




This are the results: 



Feedrate 


Roughing 


Roughing 

Spline 


Finishing 

Linear 


Finishing 

Spline 


Total 

Machining 

Linear 


Total 

Machining 

Spline 


1.5 m/min 


5.1 h 


- 


2.1 h 


1.6h 


7.2 h 


6.7 h 


7 m/min 


1.1 h 


- 


0.85 h 


0.35 h 


1.95 h 


1.45 h 


20 m/min 


0.57 h 


0.4 h 


0.7 h 


0.17 h 


1.27 h 


0.57 h 



The first conclusion is the fact that spline programming cuts down the time consuming 
finishing by 50% in the area of 7 m/min feedrate. If the machine can go faster what we did in 
the case of the TMC 805 we could cut down machining time by 80%. Splines don’t give us a 
lot at roughing and low speeds because there we have only a few NC-blocks. At higher speed 
up from 15 m/min even for roughing we could reduce the speed by splines. 

The following video sequence shows the test machining which happened two weeks ago 
in Stockholm, Sweden. 

The Tricept TMC 805 we have used for this test series is a one column machine which is 
for soft materials. This machine is limited to 25 m/min and about Ig acceleration. In the week 
49 we will do the same test cuts again in Uriol and steel on the three column TMC 805. With 
this machine we can double the average feedrate again. 

We will get of course longer machining times than shown above because steel will 
present limitations of the cutting speed. It is already clear that the dynamic of this new Tricept 
machine will only be reduced by the capabilities of the cutters and the spindle. 

The first series of measurements of the Uriol part was done on a CMM-machine two 
weeks ago and we found good results regarding volumetric accuracy. The average was in the 
range of +/- 1/10 mm. The tests where we have used spline interpolation show a much better 
surface accuracy. In other words the surface is smoother and will reduce the manual finishing 
operations. 

This first test machining of hydroforming dies were done for SMG. This is part of their 
evaluation to decide if the Tricept technology will be used for their future die machining. 
According to the presented results the decision will be positive and the first TMCs will be set 
up at SMG-Schafer’s model factory in Wilnsdorf Germany around April. We are already 
working together with SMG-Schafer on two other Tricept-applications. One is for measuring 
and one for laser cutting. 

Germany around April. We are already working together with SMG-Schafer on two other 
Tricept-applications. One is for measuring and one for laser cutting. 

The following video sequence shows the test machining which happened two weeks ago 
in Stockholm, Sweden. 



8. CONCLUSION 

I was presenting the problems of conventional NC-programming when it comes to 
machining of free form surface parts such as hydroforming dies. New Spline-technologies 
where introduced which improve the productivity and the volumetric and surface accuracy. 

A complete new mechanical approach was presented. The Parallel Kinematic Tricept- 
machine by the Swedish company Neos and the test we have done just two weeks ago. The 
results show that this machine technology will have a very positive future because of its high 
dynamic and productivity. 

I can imagine that when you come to SMG-Schafer’s hydroforming model factory next 
year you can see this new machines in action. 
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Abstract: In the last years, demands on sculptured surfaces in dies and moulds have increased because 

of improvement of software and machining technology. First, it only was important to 
perform NC programs to ensure secure processes when manufacturing sculptured surfaces. 
Today, especially in the HSC process chain, CAM strategies are necessary to reduce flow 
time by supporting the capabilities of the HSC technology with suitable NC programs. 
Substance will be the lack of information at the transition from roughing to finishing and the 
localisation and elimination of critical 3 -axis machining situations. 



1. MOTIVATION 

Reducing the overall product development time from the idea to production maturity has 
for quite some time been a central topic especially in die and mould manufacturing. The 
reasons for tightening the product development process are decreasing product cycle times, 
increasing component variety and constantly growing international competitive pressure. A 
way out is provided only by steady organisational and technological development in all areas 
of the production chain. 

High-speed milling, for instance, offers a most appropriate opportunity for reduction of 
run times, since the high cutting speeds and feed rates involved permit reducing production 
times and minimising rework due to the achievable closer line widths [1, 2]. Application of 
high-speed machining is focused on the areas of rapid tooling, electrode manufacturing, and 
direct milling of moulds out of steel or cast iron. The latter item undoubtedly is the one which 
offers by far the greatest potential. 

However, there are difficulties in converting the technological results into actual 
application. The existing CAD-CAM systems are inadequately prepared for HSC-proper 
programming since with the data structures available today in CAD-CAM systems this cannot 
be done at all or with a high input of time only [3]. The objective will be to make all milling 
operations HSC-proper by the introduction of machining objects into the CAD-CAM systems 
used in die and mould manufacturing. 



2. DEGREE OF INNOVATION 

The Institute for Production Engineering and Machine Tools (PTW) of the Darmstadt 
University of Technology has been doing research in the field of high-speed machining for 
almost twenty years. Focal items in the field of die and mould manufacturing are the 
determination of HSC-appropriate milling strategies for HSC machining of sculptured 
surfaces as well as the generation of technological application data for different groups of 
materials [4]. These results are included among others in a CAD-CAM system to support the 
CAM programmer. 

As to the CAD-CAM systems used in die and mould manufacturing applications, these 
mostly are free-form surface modellers. They permit mathematical description of extremely 
complex surface configurations in a model, making them accessible for production purposes. 




Since in most cases the desired geometry is described by a surface modeller while the row 
geometry is defined by a volume modeller, frequently there are two different data models to 
be considered for complete machining of a component. From this results a break or incision in 
program generation between roughing and finishing operations. In particular at the transition 
from roughing to finishing, the CAM programmer can only rely on his imagination as to the 
intermediate geometrical results as well as on his experience how to proceed. Today’s CAD- 
CAM systems do not support this process [5]. 

In addition, the sculptured surface programming modules are based on purely 
mathematical definition potential. This leaves all technological points of view completely out 
of consideration in generating NC programs. Apart from a lack of flexibility in the choice of 
cutting strategies, this results in NC programs being determined by the possibilities of the 
system and optimised strategy and technology parameters as well as the geometrical 
description of the component not being taken into account. Until this date, no approaches of 
this kind have become known in CAD-CAM systems. 

Whenever programming errors or system-related errors occur in the NC program within 
the control system, these can be corrected with considerable effort only. However, the 
objective should be not to have such errors occur in the control system. This is ensured by an 
optimised free-form geometry description in the CAD-CAM system which stores individual 
machining steps as machining objects in order to improve the overall machining process. The 
machining objects include the information relating to the geometry to be machined as well as 
to technology and strategy [6]. The advantage of a modular machining description is to be 
found in the fact that individual machining objects can be exchanged. This allows a geometry 
B to be machined equally well as a geometry A since the complete machining description of 
A is copied while only the geometry is exchanged. 



3. OPTIMISED SEMI-FINISHING STRATEGY 

As a basic requirement for optimum HSC finishing, a near-constant offset must be present 
so as to keep the cutting conditions as constant as possible. In order to achieve high quality as 
to surface roughness, dimensional accuracy and trueness of shape, cutting strategies must be 
used which depend on the surface geometry [5]. 






Figure 1. Terraced forms depending on tool geometry 
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Based on a 2.5 axis roughing operation, semi-fmishing is made by conducting the tool 
parallel to the final contour using various infeeds until a uniform offset is achieved. During 
this process, the tool makes up to one third of air-cutting, especially during the first infeed 
steps. Besides this air-cutting, the absence of geometrical support during semi-fmishing 
constitutes the central problem. Prior to both roughing and finishing, the NC programmer can 
make use of a known component geometry available as a computer-integrated representation, 
i.e. prior to roughing by means of the defined blank, prior to finishing by means of the final 
contour and the known offset. Prior to semi-fmishing, however, he is compelled to form his 
own mental model of the intermediate geometry. Collisions, if any, occur between tool and 
semi-machined geometry, but rarely between tool and final contour or clamping devices. 
Reasons for this can include the terraced shape depending on the tool geometry (Fig. 1). 

As is shown in Fig. 2, at first the actual maximum offset after roughing is calculated. In 
comparison with what is technologically possible, the permissible offset is determined along 
the tool motion paths of the maximum offset. 
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Figure 2. Optimised semi-fmishing method 
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Figure 3 .Limits of local semi-fmishing areas 



Also, the computed intermediate geometry is divided into areas of identical semi-fmishing 
zones (Fig. 3). Since different offset conditions are obtained depending on the contour of the 
rough-cut component, machining areas presenting similarity of contours are combined by 
decomposing the component into surface sections having identical geometry configurations 
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and by storing similarity areas in an array. By marking the area to be machined, optimised 
semi-fmishing motion paths are derived which can be used for computing the tool envelope 
volume. 



4. DESCRIPTION OF MACHINING OPERATIONS BY 
MEANS OF MACHINING OBJECTS 

In order to establish machining objects, it is required to have the nominal geometry, the 
machining method and the material being machined available as input parameters. The 
nominal geometry is a topological sculptured surface, i.e. it is described completely by 
patches joined together without any gaps. A patch is the smallest form feature unit described 
unmistakably by u, v vectors through their origin, direction and amount. The machining 
methods are constituted by roughing, pre-fmishing and finishing operations; as to the 
workpiece material, the choice includes heat-treatment steel, hardened cold-working steel, 
cast iron, electrode copper, aluminium and graphite. After making these inputs, the resulting 
outputs are technology parameters, information as to the tool, as well as a strategy 
recommendation. These are provided as „information windows" by a CAD-CAM system with 
an application procedural interface (API) in order to give the NC programmer the required 
support in technology and milling strategy which normally he can only compensate by know- 
how or trial. 



4.1 Identification of Form Feature Areas 

The nominal surfaces subdivided into areas of equal contact conditions are composed of 
form features. These are convex and concave curvatures, chamfers, grooves, bores etc. and 
can be identified over the entire component surface as coherent areas having equal 
characteristic configuration. 



free form surface 




concave/convex 




^^^plane 



Figure 4 . Automatic identification of form feature areas 

How to classify the sculptured surfaces according to surface configuration? A sculptured 
surface or partial areas of such a surface are at first automatically subdivided into the 
respective patches. Each patch is sorted by size and is appropriately examined in a definite 
amount of points for its curvatures in u and v direction. For this purpose, a field of u and v 
vectors is placed over the patch in a constant width of steps so as to form a network. The 
nodes mark the points where the patch has been examined for the amounts of its curvatures 
and the mesh size represents the distance between nodes. If there is a change of signs in the 
respective direction of curvature at adjacent nodes, a surface point of the patch is stored in this 
location. This converts the original patch into m*n smaller patches according to the number of 
m surface points generated in u direction and the number of n surface points generated in v 



328 




direction. These smaller patches are subsequently classified by concave or convex feature 
areas through calculating the curvatures in u and v direction at the surface points (u = 0.5, v = 
0.5) of the respective smaller patches. An example illustrates the principle (see Fig. 4). 



4.2 Linkage of Identified Form Features into Machining Objects 



Having achieved the possibility of describing the machining operation by means of 
machining objects and additionally of subdividing sculptured surfaces into areas of identical 
contact conditions, these modules are in the following processed together. Thus, either surface 
areas with mainly concave curvature or such with mainly convex curvature are automatically 
identified and subsequently are linked with information about geometry, technology and 
strategy to form machining objects. 

The machining strategy presented as the result of this is divided into the areas of 
geometry, technology and milling strategy as illustrated by an example in Fig. 5. The 
information about the milling strategy includes machining proposals taken from the 
technological know-how existing at PTW. These machining proposals can in the following 
steps be further specified for production planning. 
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Figure 5 Linking of form features to machining objects 

The geometry information includes the form feature dimensions (length, width and 
height), the maximum angle of inclination related to the x-y plane and the minimum surface 
radius. When using a ball end cutter for the pre-fmishing or finishing operation, a measure is 
immediately furnished for the maximum possible cutter diameter. Taking the maximum angle 
of inclination into account, any tool collision is prevented as this information defines the 
maximum possible advance in the feed direction. The form feature dimensions give 
indications as to the adequate choice of machine tool (working range) and a rough choice of 
correct tool dimensions. 

The technology information furnishes binding proposals as to the shape of the tool and 
the cutting material to be chosen, related to the type of machining and of the work-piece 
material. In addition, the machining information includes data on optimum cutting speed, feed 
per tooth, infeed depth and width completed respectively by range information. Finally, a 
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strategy recommendation is made including information on the direction of movement, on the 
machining process and the ideal angle of incidence. 



5. PRODUCTION OPTIMISATION PRIOR TO 
MACHINING 



Today, NC programs are frequently used which are not primarily concentrated on the 
philosophy of technologically optimised and thus also economically efficient machining, but 
in which solely the possibilities offered by the CAM system are determining for the tool 
motion. For once, the times for NC path generation are partially too long, so that for reasons 
of time alone no variations of NC programs are made for finding optimised solutions. Also, 
frequently there are not so many possibilities or alternatives in NC program generation within 
CAM systems which would allow variations to be made. 

For this reason, critical machining situations must be localised and eliminated prior to 
machining, such as 



— limits of infeed in machining steel or cast iron, 

— cutting curve correction in choosing the tool diameter, 

— relief cutting control, 

— support by visualised offset conditions, 

— analysis and elimination of critical tilting angles, 

— automatic identification of filigrane features and optimised HSC machining of these by 
means of long tool overhangs, 

— analysis of the flute as a critical machining feature. 

As an example, automated identification of filigrane features such as pockets or bores and 
optimised HSC machining of these with long tool overhangs are explained below. 

In a first step, information is derived about automatic identification of pockets and bores 
by means of studying the angles of inclination on the component surface, since especially for 
filigrane features there is a danger that the smallest tool diameter required for geometry 
reasons will result in an inadequate length/diameter ratio for the tool. In conjunction with the 
large tool wrap conditions as they occur in such machining applications, this can lead to 
increased wear and even tool failure. 

Procedure: A network of points is distributed over a sculptured surface. By comparing the 
z-co-ordinate (corresponding to the tool axis) of neighbouring points, wide variations in the z- 
direction can be identified. The cutting curves of the sculptured surface with planes in the y-z- 
and x-z-direction then provide the paths for the network of points. Due to the great differences 
between z-co-ordinates, it is possible to distinguish pockets and bores from strongly curved 
concave surfaces. The following condition is established: 



Ax { n 



Ay { n 

or > tan — 
Az \6 



Subsequently, an examination is made as to whether the pocket can be machined with the 
tool chosen, by comparing the surface within the set of lines describing the rim of the pocket 
or bore with the face of the cutter. If the surface of the pocket or bore is smaller than double 
the face of the cutter, HSC -appropriate machining can no longer be ensured. Furthermore, the 
curvature of the set of lines is compared with the curvature of the tool. This way, a check can 
be made as to HSC-appropriate machining with the tool chosen. 

If the pocket can be machined with the tool chosen, HSC-appropriate approach and retract 
strategies for long tool overhangs are proposed in order to obtain HSC-appropriate roughing 
strategies for machining pockets and bores. These are subsequently offered as applications in 
a CAD-CAM system. 
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The basic requirement for the approach is „gentle plunging” into the material. A very 
adequate path of approach resulting from this is a helical line which due to both a circular and 
a ramp movement of starting will subject the tool to a minimum of load. The tool plunges into 
the material on a helical line after approximately one revolution and penetrates to the desired 
infeed depth during one further revolution. A relief cut of e.g. 0. 1 mm can be added to the 
helical line in order to facilitate the combined roughing operation. The diameter of the helical 
line is chosen so as to generate an overlap in the centre of the helix during each revolution. 

The combined roughing operation is composed of the starting strategy and clearing of a 
plane, spirally if possible, from inside out before the next plane is machined. Since a new 
starting procedure is required for each plane, it is an obvious choice to combine the two 
strategies. 




Figure 6. Example of HSC-appropriate pocket machining and mould produced by milling 

An example is shown in Fig. 6. What can be seen is a deep pocket (1/d >5) which in each 
of the roughing planes has been machined in a way appropriate for HSC. The following 
conditions must be fulfilled: 

— The strategy of approach must be adaptable to the process. 

— Down-milling must be possible within the pocket. 

— It must be possible to machine the pocket with „soft" motions, i.e. small wrap angles in 

the directional changes of the roughing spiral. 

Evaluation of the semi-fmishing operation can be made after finishing only. It is the 
quality of the finished surface that permits the efficiency of the semi-fmishing operation to be 
measured. The goal of achieving, prior to finishing, an offset which is as constant as possible 
is mandatory with a view to an optimum result of finishing. Offset variations due to step 
heights above a tolerable limit will cause waviness of the finished surface. Investing into a 
more thorough and thus more prolonged semi-fmishing operation will as a rule pay off. The 
higher the requirements made of the final contour, the more attention must be paid to the 
semi-fmishing operation. By means of the known actual offset after each machining operation, 
it will be possible to perform thorough semi-fmishing at machining times which are still 
acceptable. 

Due to the shape of the component having high side walls, a high proportion of flutes as 
related to flat wall areas, and the roughing or semi-fmishing operation in z-constant planes 
with the resulting terraced steps, the best results as to surface quality are furnished in this case 
by plane-wise machining parallel to the contour. The results of pulling or boring cuts are less 
favourable as these bring about wide variations of infeed depth in the feed direction, primarily 
due to inadequate semi-fmishing. Other advantages to be mentioned are shorter machining 
time and the more harmonious path motion of the tool in this case and with this strategy. 
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6. CONCLUSION 



Today, „stable process runs" are particularly important. In this connection, highly 
aggravating problems such as safe machining of critical areas, application of long tool 
overhangs, and safe approach strategies have been studied for possible action to reduce 
instabilities. The machining strategies found were subsequently implemented in a CAD-CAM 
system. Also, identification of critical machining situations and their elimination are already 
included in an advanced CAD-CAM system. 
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High Speed Machining (HSC) of Sculptured Surfaces in 
Die and Mold Manufacturing 



Thorsten Finzer (finzerf^ptw. tu-darmstadt. de) 

Darmstadt Universtiy of Technology, Germany 

Key words: High speed machining, die and mold manufacturing, cutting strategies 

Abstract: In order to use the next generation of high-speed machine tools economically, first of all the 

technological background of the best machining strategies has to be found out. For this 
purpose four approaches in the machining process have to be made simultaneously. These 
approaches are the optimization of the machining parameters, the choose of the right cutting 
edge material and cutting tool and the use of proper machining strategies. The economic 
application of the best milling strategies depends on the dynamic capabilities of the machine 
tool. Therefore, machines with linear motor drives will become more and more important for 
die and mold production. 



1. INTRODUCTION 



High speed cutting has many principal advantages. By increasing the cutting speed it is 
possible to reduce the cutting forces, to dissipate process heat completely with chip removal, 
to generate better surfaces, to increase the metal removal rate and to perform machining in a 
range of uncritical vibration. The cutting speed mainly depends on the work-piece material. 
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Figure 1. Definition of HSC in die and mold manufacturing 



But more important than the increase of cutting speed is the increase of feed rate. 
Therefore, especially in the field of die and mold manufacturing using small tool diameters 
for machining sculptured surfaces, high spindle frequencies in combination with high feed 
rates are a more precise characterization for HSC (Fig. 1). Besides the importance of 
manufacturing time and surface quality, there is in particular a considerable reduction of costs. 
These results can be seen in many application fields and the most important among these are 






dies and molds, aerospace parts and critical thin-walled components susceptible to heat 
distortion. 
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Figure 2. Tool life dependent on machining parameters 



2. IMPROVEMENT OF THE MACHINING PROCESS 

The only disadvantage of HSC is tool life reduction caused by increasing cutting speed. 
In order to reach an economic application in die and mold manufacturing this disadvantage 
has to be solved. Therefore, four approaches can be taken which should be carried out 
simultaneously: 
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Figure 3 Different cutting tool materials and coatings 
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2.1 Optimization of the machining parameters 

In high speed machining the range of optimum wear performance is relatively small. So it will 
be required to determine the optimum machining parameters for each application, each work- 
piece material and each cutting material (Fig. 2). 




Figure 4 Result of optimal and deficient coating process 
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Figure 5. Maximum allowed infeeds (application limits) 



2.2 Right cutting edge material 

The choice of the proper cutting material is of utmost importance for tool life. While, for 
instance, CBN will furnish optimum values in machining cast iron, using this cutting material 
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on heat-treated steel will lead to completely unsatisfactory results. Even when using the same 
cutting material, it is possible to get differences up to factor 10 in tool life. Also coatings have 
a big influence in tool life of cemented carbide (Fig. 3). Using the best combination of 
substrate plus coating is the base for an efficient and economic cutting process. A deficient 
coating due to wrong parameters in the coating process or wrong combination of substrate / 
coating will lead to insufficient and unpredictable tool life (Fig 4.). 
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Figure 6 Influence of tool overhang on tool life resp. process stability 
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2.3 Right cutting tool 

The field of process stability strongly depends on the dynamic performance of the tool 
(Fig. 5). Due to the high tool loads and the close limits of stability in high speed milling, the 
knowledge of the optimum technological and strategic parameters is of utmost importance. 
Also highly relevant for the tool life is the geometry of the cutting edge and the clamping 
length of the tool (Fig. 6). 

Another important point for tools used in HSC is their capability to resist centrifugal 
forces and a small amount of unbalanced masses. When using the wrong tool, high spindle 
frequencies can lead to tool breakage. A released insert has the kinetic energy of a gun bullet. 
Correlated with this, HSC-machine tools should be equipped with bullet proofed glass to 
reduce damage (Fig. 7). 
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technology: 

tilting angle: +/- 15 
cutting speed: 300 m/min 
feed per tooth: 0.3 mm 
cutting depth: 1 mm 
line space: 0.7mm 
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2.4 Proper machining strategy 



The highest influenee on the improvement of tool life is aehieved by the choiee of the 
optimal cutting strategy. Mold elements of sculptured surfaces can be generated in various 
ways, such as by up-cut or down-cut machining and also by reverse, plunge or reciprocal cut 
(Fig. 8). 

By applying the proper combinations substantial increases in tool life and also improved 
surface quality can be achieved (Fig. 9). Additionally, different strategies cause different 
dimensional accuracy (Fig. 10). Therefore, it is obvious that the strategy has an enormous 
influence on the machining result and also on the quality of the mold and the economy of 
machining. 

3-axis machining optimised machining 
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Figure 10 Effect of different milling strategies on accuracy 



3. FAST MACHINE TOOLS 

Always working with optimal conditions results into an increasing amount of idle time. In 
this case standard CNC-machines cannot be used economically. 
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Figure 11. Highly dynamic 3 -axis milling machine with linear feed drives 



Therefore, the machines will have to be even faster, more dynamic, more powerful and 
more accurate. To achieve this, an innovation leap is required, such as a linear motor machine 
tool (Fig. 1 1). 

This machine tool will permit axis accelerations up to 25 m/s^ and velocity gain up 
toKV=20-30 (m/min)/mm (300-500 sec-1). This will result not only in a considerable 
reduction of idle time. But also in better contour accuracy in machining complex dies and 
molds as a consequence of fast acceleration. E. g. dynamic travel accuracy is approximately 5 
mm at a constant travel feed of 20 m/min. 

The comparison between a machine tool with linear motor feed drives and one with roller 
ball drives shows tremendous reductions of machining time (Fig. 12). 
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Figure 12. Reductions of machining time by using machine tools with linear feed drives 
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Figure 13. Advantages of HSC in die and mold manufacturing (source: Droop & Rein) 

4. CONCLUSIONS 

When considering the whole chain of the manufacturing process, by the very high surface 
qualities generated by HSC in many cases subsequent finish operations, e. g. grinding, can be 
eliminated. In die and mold manufacturing, for instance, machined sculptured surfaces are 
very close to the required final shape accuracy. This will reduce manual rework time 
considerably. Time savings up to 80 % and cost savings up to 30 % are quite realistic. The 
two following examples show the potential of HSC (Fig. 13, 14). 

In order to achieve better tool life, high accuracy and additional shorter time it is 
necessary to use very fast and dynamic machine tools. 

Finally, the developments in HSC and in the involved fields are still continuing. The next 
improvements are predictable and mark the current trends in the four fields machining process, 
cutting material / coating, machine tool / components and NC (Fig. 15). 
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Figure 14. Advantages of HSC in die and mold manufacturing (source: Volkswagen) 
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★ process: 




new workpiece materials 






machining hardened steel, dry-machining 






higher process stability 


^ cutting material / coating: 




optimised preconditioning and coating process 






optimisation of substrate / coating 






new coatings (Ytrium, Vanadium) 


★ machine tool / components: 




dynamic feed drives, parallel mechanism 






HPHF-spindle 


★ NC / interfaces: 




data management (EDM / PDM), WOP 






automation, information tools 






no NC-Codes DIN 66025 (Splines) 



Figure 15. Trends in high speed machining 
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Abstract: The toolpath generation method described in this paper is enhancing the sculptured surface 

machining methods, which can be found in commercial CAM-software packages. Tool axis 
inclination optimization is done based on the properties of the underlying surface and is a 
guarantee for gouge-free NC-toolpaths. The tool inclination varies along the toolpath in such 
a way that tool inclination is optimized for each individual tool position. The proposed 
method uses projected drive patterns and is able to take care of multiple and even trimmed 
part surfaces. 



1. INTRODUCTION 

Five axis machining of free form surfaces has many advantages if cylindrical or torical 
cutters are used instead of ball nose cutters. Compared to traditional three axis machining, the 
material removal rate increases and the machining time reduces. Commercial CAM-systems 
with multi-axis capability are forcing the operator to give the tool a certain constant lead 
and/or tilt angle with respect to the surface normal. Further a set of multiple and trimmed 
surfaces can be machined within one operation through the use of drive surfaces. The drive 
surface is used to generate trajectories in a contact driven way, which are then projected onto 
the part surfaces. The tool orientation is calculated based either on the drive surface or the part 
surface. 

Small lead angles are favourable to the material removal rate, surface roughness and 
surface accuracy [2]. But, applying a small constant lead angle along the milling path can 
cause different problems like gouging and variations in the scallop height. As a solution for 
this, several researchers have investigated the dynamic optimization and adaptation of the tool 
inclination along the tool trajectory [1][2]. The main drawback of most of these methods is 
that they are contact driven. This means that the tool is guided along the isoparametric lines of 
the part surface. As a result, only single surfaces without trimmings can be machined. 

The toolpath generation method described in this paper optimizes the tool inclination in 
each point of the part surface. These developments fit in the frame of the OPTIMACH project. 
The goals of this EU-flmded project are : 

• Create reliable collision- and error-free NC-programs through an on-line closed loop 
simulation system. 

• Enhance milling strategies in order to improve the achieved surface quality through 
optimizing the tool angle w.r.t. the workpiece and the step-over. 



For a description of the different angle systems, please see section 0 (appendix). 




Depending on the prerequisites posed by the used CAD/CAM system, two main 
approaches have been followed during the development. The first approach is based on the 
prototype software, which has been developed in the past at the division PMA of the 
K.U.Leuven [2]. The second approach is a more practical solution, taking away the 
disadvantages from the first one. In both cases, the inclination adjustment is done during the 
tool path generation step (grey coloured block on Figure 1) and not during NC-simulation, 
NC“Verification or on the machine. 





Loadtl,20 
Fedrat,200 
Goto x,y,z,i,j,k 



N1T20M6 

N2G1 X.. Y. Z„ B.. C.. F300 




Figure 1. Overview of the toolpath generation process for a 5-axis NC-program 



2. FIRST APPROACH : NUMERICAL OPTIMIZATION 
BASED ON THE ANALYTIC REPRESENTATION OF 
THE WORKPIECE GEOMETRY. 

For this first approach, the standard CAD/CAM-routines are used to calculate each 
toolposture. A toolposture is the combination of tool position (xyz) and tool orientation (ijk). 
The tool inclination as calculated by the CAD/CAM-system is then used as the starting value 
for the optimization algorithms. 

The routines of the standard CAD/CAM-system are generating the toolpostures in the 
following manner {Figure 2) : 
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A certain inclination angle is applied to the tool w.r.t. the surface normal of the 
corresponding tool tip point in the part surface. 

The tool is then projected onto the part surface, where a contact point (CP) is found. If the 
inclination angle applied to the tool is large enough, the contact point will lie in front of the 
cutter. 

The optimization algorithm, explained here for a cylindrical cutter, calculates the 
maximal angle A0 over which the cutter may be rotated around the contact point (CP) to fit as 
close as possible to the part surface. To do this, the algorithm constructs a function 0 = f(u,v) 
representing the relationship between the underlying surface of the tool and the angle over 
which the cutter is allowed to rotate. This function is then minimized to obtain the angle A0. 
The minimization procedure is based on a two-dimensional Newton-Raphson method starting 
from a given point on the part surface. The result of this minimization method is the nearest 
local optimum in the surrounding of the given point. 




Figure 3. Elementary disc inside the cutter 



The size of the underlying surface for which the function 0 = f(u,v) is defined, is directly 
related to the tool diameter. The chance for having more local minima increases with the size 
of the cutter. As a consequence, the angle A0 has to be calculated for more than one point, to 
be sure to find the smallest one. This is done by choosing a number of points on the bottom of 
the cylindrical cutter. For each point, the following is executed : 

1) Compute the shortest distance to the underlying part surface. Consequently, the nearest 
point (PI) on the part surface is found. 

2) The minimization is of 0 = f(u,v) is done starting from the point PI. 

3) Repeat step 2 until the requested accuracy is achieved. 




worl^iece 



Figure 4. The expected contact point (ECP) is lying in front of the cutter, while the actual 
contact point (CP) is somewhere in the middle of the tool. 
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If a torical cutter is used, it can be mathematically reduced to a cylindrical cutter by 
subtracting the comer radius (Figure 3). All the equations can be written with respect to the 
elementary disc inside the cutter. Having a cylindrical cutter, this elementary disc equals to 
the bottom surface of the cutter. 

Although this described method is working, it is not hold back for several reasons : 

The algorithm is not robust enough. The contactpoint that is used in the method, is the 
contactpoint that is calculated by the used C AD/C AM-sy stems’ tool position algorithm. Each 
tool posture that is not gouging is assumed by the CAD/CAM-system to be valid. This 
assumption results in the fact that the contactpoint is not necessary lying in front of the cutter 
(Figure 4) 

The algorithm and especially the Newton-Raphson minimization method, is consuming too 
much CPU. Each toolposture is also calculated twice : first by the standard tool position 
algorithm of the CAD/CAM-system, second by the optimization algorithm. 



3. SECOND APPROACH : ITERATIVE FULL 
PROJECTION METHOD 



To cope with the disadvantages of the first approach a new method has to be found which 
is robust and faster. 

Within the second approach, the first estimation of the tool axis inclination is not done by 
the standard CAD/CAM system, but is based on the properties of the part surface. This can be 
realized by constructing a local surface approximation at the contact point as explained below. 

Consider a contact point (CP) on the part surface. First and second order derivatives can 
be calculated and from there, principal curvatures kj and k 2 are derived [6]. The surface near 
the contact point can be approximated by its quadratic approximation : 

z = ^{k^x^ +k:^y^) (I) 



If a cylindrical or torical cutter is positioned onto the part surface, it will be located on a 
sphere given by the equation (cr = comer radius of the cutter) (Figure J) : 



^sphere 



sin((9„, 



- + cr 



( 2 ) 





Figure 5. Contour of a cylindrical tool with comer radius located inside a fictive sphere 

Combining equation 1 and 2 in an appropriate co-ordinate system, they are solved for the 
lead angle. The fact that this method is purely analytical counts as its’ main advantage. 
However, if the surface is highly detailed and is milled with a large cutter (e.g. five-axis semi- 
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finishing), gouging can occur. Therefor, the estimated inclination need to be further optimized 
for avoiding gouging. 

The principle of the second approach is fully described below : 



Dcp DS 




A given drive point is projected on the part surface (PS) and will be the contact point of 
the tool (CP). Therefor, the drive point is called the DCP, because it reflects to the contact 
point. This differs from commercial CAM systems, where a drive point normally 
corresponds to the tool tip. 

In this contact point (CP), the local surface approximation is calculated (eq. 1). Out of 
this, an approximation of the toolaxis inclination can be calculated (eq. 2). The 
approximation is always made in such a way that gouging is very likely to occur when this 
estimated tool axis inclination would be used. 




The full tool with the estimated toolaxis is projected down on the surface. This is done 
by using the standard CAD/CAM systems ’functionality for tool projection. The tool 
projection returns a contact point (UCP), which might actually being located everywhere on 
the bottom of the cutter. 

The toolaxis is then adjusted (a certain value is added for 9) , based on the relationship 
between the contact point (CP) and the contact point returned by the tool projection method 
(UCP). The goal is to get CP as close as possible to UCP. 
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In general, after 2 or 3 iterations the optimized tool posture is found. Great care is taken 
to not rush the tool axis variations. Fast decreases of the tool inclination angle 0 can cause the 
cutter to cut with his back. This is not favourable for tools that do not cut with the centre (e.g. 
torical cutters). Quickly increasing the tool inclination on the other hand can help the cutter to 
avoid gouging. As a result, the disturbance of the tool inclination angle 0 per distance unit is 
limited to different values for decreasing and increasing tool axis inclination values. 

4. \MACHINING RESULTS 

For the experimental verification of the applied method, a workpiece (dimensions 100 x 
100 mm) with a concave and convex region {Figure 6) was milled out of ureol and 
aluminium using a five-axis MAHO 600C milling machine. During the experiments, a torical 
cutter with a diameter of 20 mm and a corner radius of 4 mm was used. The number of tracks 
always equals to 20. 




Figure 6. Surface with convex and concave region 
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One workpiece was milled with the standard routines of the CAD/CAM-system. For this 
test, a minimal inclination angle of 9 degrees has been applied. Another workpiece was milled 
using the optimized tool axis inclination routines. 

The scallop height of the two workpieces was investigated using a 3D coordinate 
measuring machine COORDS equipped with a Wolf&Beck laser-scanning probe. Figure 7 
shows the raw scanning data. 




Figure 7. Measured profile of the workpiece in the convex region. 

For this specific case, the largest benefit of the optimized method compared with the 
standard method was found in the convex region. In the concave region the cutter will always 
be forced to a larger tool inclination in order to prevent gouging. 



5. CONCLUSION & CONTINUATION OF WORK 

The proposed algorithms have been implemented inside a commercial CAD/CAM system. 
Experiments prove the algorithms from the second approach to be robust and general 
applicable. Since the optimization of the tool posture results in a larger material removal rate 
and a smaller scallop, the need for an accurate step-over calculation algorithm is originating. 
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APPENDIX 

Different angular systems are in use to define the tool axis inclination. The most popular 
system, which also is found in most commercial CAM-systems is the lead-tilt system 



349 




{Figure 8). However, the inclination-screw system has advantages in the way the 
calculations are done, but is less obvious for the user of the CAM-system. 





Figure 8. The lead-tilt system (lead = a and tilt=(3) versus 
the inclination-screw system (inclination = 0 and screw == cp). 

The ability exists to switch from one angular system to another using these formulas : 



Table 1. Transistion formulas between both angular systems 



=cos(^.sin^ 


^lead-Ult =Sina 




yiead-,m =- COS a. sin/? 


Z — COS 0 

inclination-screw 


Z lead-til, = COS a. COS/? 
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Abstract: This paper presents a new approach to non-isoparametric 5-axis NC tool path generation for 

complex surface machining by using the techniques of feasible machining strip evaluation. 
A searching algorithm is developed to find the parameter increments of adjacent cutter 
locations along orthogonal path intervals for non-isoparametric path generation. The 
techniques presented in this paper can be used to automate the non-isoparametric 5-axis 
cutter path generation and reduce the total machining time for CAD/CAM systems. 



1. INTRODUCTION 

Tool paths for sculptured surface machining are traditionally generated by guiding 
cutters to trace along constant parametric curves on the surfaces [Deng 96, Lee 95a]. An 
example of the conventional constant parametric cutter path generation for sculptured surface 
machining is shown in Figure 1. The distance between the parallel trajectories is the CC 
path interval, which depends on the local surface shape, cutter size and the allowable scallop 
height remaining on the surface after machining [Chen 98, Jerard 91, Lin 96, Lee 96b]. To 
achieve machined surface quality, the scallops left on the part surface need to be controlled 
within allowable tolerance. In the constant parametric (isoparametric) path generation 
methods, tool path distribution is determined by calculating, at each path, the smallest tool 
path interval and using it as a constant interval for the next tool path [Altan 93, Ma 98]. One 
serious problem of the traditional (isoparametric) method is the inefficient machining due to 
the non-predictable scallop remaining on the part surface [Lin 96, Lee 97b, Suresh 98]. 
Since the next tool path is generated by the smallest path interval between adjacent tool paths, 
redundant machining overlap occurs between the two adjacent tool paths, which causes 
machining inefficiency. In this paper, we adopt a new approach for the determination of 
efficient tool paths by using the machining strip evaluation method and a non-isoparametric 
path generation algorithm, which results in shorter total tool path than the conventional 
constant parametric tool path methods achieve. 




Figure 1. Constant parameter (Isoparametric) tool path distribution 




2. FEASIBLE MACHINING STRIP EVALUATION 

Effective cutting shape analysis was developed in our earlier work presented in [Lee 96a, 
97a, 98b]. During machining, a surface tolerance h is given to maintain the machined 
surface accuracy. During machining, the machined region that lies within the required 
surface tolerance is called the machining strip (w) [Lee 97a], as shown in Ligure 2. In 
Figure 2, the local surface curvature (normal to the cutting direction Xl) is represented as k. 
The radius of surface curvature can then be calculated as 1. A local coordinate system is 

K 

defined on the cutter contact point C*. The effective cutting edge E(6) intersects the offset 
surface at points and C^. The region between points and is the feasible machining 
strip, and the machined surface errors within the machining strip are within the given 
tolerance h, as shown in Figure 2. Details of finding the feasible machining strip w can be 
found in our earlier work in [Lee 97a]. As shown in Figure 2, the machining strip width w 
at the current cutting position C* with tool orientation co^) can be found as: 

W =^Wa + Wb (1) 

It is noticed that, given the same tool orientation co^), the feasible machining strip width w 
of the same effective cutting shape E( 6) in different surface regions has the relationship of 
concave ^ ^planar ^ IT convex) [Lee 97a]. 




Cutting direction (Xl) out from the paper 

Figure 2. Machining strip width w at cutter contact point C* [Lee 97a] 



3. TOOL PATH DISTRIBUTION BY MACHINING STRIP 
EVALUATION 

To generate cutter paths to achieve the required surface quality, the machining strips of 
the two adjacent cutter paths have to overlap each other to ensure no machined surface error 
exceeds the tolerance limit h. As shown in Figure 3, given a surface tolerance h, the 
machining strip width w/+ ; of the new adjacent tool path y should be connected to the 
machining strip w/ of the current tool path Sf to ensure the required surface finish is satisfied. 
To ensure the scallop height is no larger than the required surface finish, a distance D between 
the current cutter contact point Qy and the adjacent cutter contact point Q + j j should be no 
larger than the connected machining strips as follows [Lee 98a]: 
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Wb,i + Wa,i+\ > D (2) 

where, / is the right portion of the machining strip w/ at cutter contact point Qj, and 
/+ 7 is the left portion of the adjacent machining strip 7 at Q+ y y , as shown in Figure 
3. ’ 




Si: Current tool path 

Si+i : Adjacent new tool path 

Ci,j: Cutter contact point on tool path Si 

Ci+i j; Adjacent cutter contact point on tool path Si+i 

For overlapping of machining strip: ii't,, + M’aj+i > D 

Figure 3. Overlapping of machining strips on adjacent tool paths 




Si, Si+i: Adjacent tool paths 

Co(mo, vo): Current cutter contact point on tool path S i 

C*(w* V*): Adjacent cutter contact point on tool path S i+i 

Ru, Rv: Tangential vectors at Co along u- and v-isoparametric directions 

5k ; Searching step size 

Xlo, Xl*: Cutting directions at C o and C* 

D : Path interval orthogonal to cutting direction XL 

Figure 4. Searching for the new adjacent cutter contact point C*(1w* on path 7 

To calculate the precise tool path interval D, the direction of the path interval has to be 
orthogonal to the tool path itself [Lee 98a]. The orthogonal path interval cannot be adopted 
directly in parametric domains (u, v) because the direction of the path interval is usually not 
oriented in the same direction as the constant parametric curve, as shown in Figure 4. 
Therefore, to find the optimal tool path distribution, we must solve the tool path interval D 
and the parametric interval (Aw or Av) in the orthogonal direction. As shown in Figure 4, a 
searching process is needed so that the feasible orthogonal path interval D is equivalent to the 
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feasible machining strip width as being constrained by Equation (2). The searching starts 
from the current cutter contact point Cq and moves along the direction orthogonal to the 

cutting direction Xl to find the adjacent cutter contact point C*. To maintain the accuracy, 
we calculate a searching step size 5^ based on the local surface curvature k and the predefined 
searching tolerance t, where t is a sufficiently small tolerance. Given the current cutter 
contact point Cq(uq, vq), the local surface curvature k along the orthogonal direction ZL-axis 
can be found. From Figure 5, one has the following relationship: 

r = J-?(l - COS (3) 

K 

The feasible step size ^ can be calculated as follows (also in Figure 5): 

5k=21^ ?sin \}/ (4) 

K 

where y/= cos'^(l - r ? a:) from Equation (3). A conversion from the physical domain of 
step forward size (5^ Zl) to the parameter increments (Awy^, Avy^) in the parametric domain is 
needed in order to place the tool on the calculated adjacent path. 




Sk : Feasible searching step size 
r : Step size tolerance 

Figure 5. Determination of searching step size 5^ along path interval 

4. SOLVING PARAMETER INCREMENTS OF THE 
SEARCHING STEPS 

The parameter increments Av^) of a searching step along the orthogonal path 
interval direction can be found by using geometric analysis of the local area. As shown in 
Figure 6, the searching vector Zl is defined by the current cutting direction Xl and the 
surface normal Yl, (Zl = Xl x Yl)- On the parametric part surface R(u, v), the adjacent 
cutter contact point C* can be found by searching a series of marching points with a step size 
5^ along the searching direction Zl from the current cutter contact point Cq(uq, vq), as shown 
in Figure 6(a). Figure 6(b) shows that, when moving along the searching direction Zl with 
a step size 5^, it is equivalent to move (Au Ry) along Ry direction and (Av Ry) along Ry 
direction, where Ry and Ry are the tangential vectors along u- and v-parametric direction 
respectively. The parameter increments Auj^ and Av^ in the parameter domain can be 
determined by solving the following two linear equations (see Figure 6): 

Auk (Ru ? Xl) + Avk (Rv ? Xl) = 0 (5) 

Auk (Ru ? Zl) + Avk (Rv ? Zl) ^ Sk (6) 
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where, Xl is the current cutting direction, Zl is the searching direction (orthogonal to Xl), 
Ru and Rv are the tangential vectors along u and v, respectively. By solving Equations (5) 
and (6), we can find the parameter increments and Avy^ as follows: 



Auk=\ 



Avk -• 



0 (Rv 




& (Rv 


zl) 


(r„xI) (Rv 




(r„zI) (rv 


zl) 


(Ru Xl) 


0 


(ru zT) 


Sk 


(r„ 5^) (r. 


xl) 


(ru zI) (r. 


. zT) 



-Sk 



(Rv?^) 



(Ru xTKRv zT)-(Ru ztHRv 



( 7 ) 



t(Ru?3^) 



(ru SXrv SMru ^Krv 



( 8 ) 



Let (w^, vj^ denote the current marching point Cj^, then the new marching point C^+ ](uk+ j, 
v^+ j) for the next searching can be found as follows: 

Uk+\ ^ Uk + Auk and Vk+\ = Vyt + Avk (9) 



Yl 



Yl 




Co; Current cutter contact point 
Xl; Cutting direction 
Yl; Surface normal 
Zl; Path interval direction 

E(6)\ Effective cutting shape on 
Yl-Zl plane 




Co; Current cutter contact point at R(uo, vo) 
R(w, vo); Iso-parametric curve along v = vo 
R(uo, v); Iso-parametric curve along w = uo 
Sk\ Step size along path interval direction Zl 

Ru, Rv; Tangential vectors along u- and v- 
parametric curves 



(a) (b) 

Figure 6. Solving parameter increments u and v of path interval along Zl axis 



5. FINDING THE ADJACENT CUTTER LOCATIONS 

Given a cutter contact point Cq(uq, vq) on tool path Sf, we would like to find the 
adjacent cutter contact point C* on the new path The searching starts by finding an 

initial guess point Cg on the adjacent tool path 5/+ y. As shown in Figure 7, the machining 
strip width wco the current cutter contact point Cq is calculated by offsetting a given 
tolerance h from part surface. Assume D is the path interval between the current cutter 
contact point Cq and the guess point Cg, one can find the following relationship from Figure 
7 as: 
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( 10 ) 



D ~ wco 

where, is the surface curvature normal to cutting direction Xl. The distance D between 
Cq and Cg can be represented as: 




Co: Current cutter contact point (on path Si) 

Cg : Initial guess point for new cutter contact point 
on adjacent path Si+i 

Figure 7 Determination of the initial guess point Cg using wco for adjacent tool path Sj+i 

To find the initial guess point Cg, with a searching step size calculated by Equation 
(4), one needs to know the number of searching steps from Cq to Cg. The number of 
searching steps, %, can be found by the following procedure as shown in Figure 8. For each 
searching step of the marching point with step size one can find the following 
relationship from Figure 8: 

y/k = 2 sin'll ( 12 ) 

For the distance D calculated by Equation (1 1), we have the following relationship (Figure 8): 
y/Total = 2 (13) 



From Figure 8, the following relationship exists: 

y^Total ~ y^k ( 14 ) 

Substituting Equations (12) and (13) into Equation (14), we can solve the number of 
searching steps, %, as follows: 

• -Md\ 

sin p-i — 

LzJ. ( 15 ) 



356 




After marching along Zl direction with % searching steps, we can find the guess point Cg(ug, 
Vg) as follows (in Figure 8): 

I ns ns \ 

Cg = R(wg, Vg) = 

Using Equation (16), the machining strip width wcg at the cutter contact point Cg can 
then be calculated. If the machining strip width between Cq and Cg is not equivalent to the 

path interval, i.e., {wb,Cg~^^a,co < D-s) or {wb,Cg^^a,co > D+s) and s is a predefined 
searching tolerance, then the guess point Cg is adjusted to find the new guess point Cg\ 
The searching process is repeated until a satisfiable new guess point Cg is found. Finally, 
the estimated guess point Cg(ug, Vg) is refined to obtain a "true" adjacent cutter contact point 
C*fw*, v*j. For each cutter contact point Qy of the current tool path Sf, the feasible path 
interval wij and the adjacent new cutter contact point Q+7j on the next tool path Sf+j can 
be calculated using the proposed non-isoparametric offset method, as shown in Figure 9. 




VTotal - 2 sin 




Cutting direction 



Figure 8. Determination of number % of searching steps 

As shown in Figure 10, if a non-isoparametric offset point C that has at least one parameter 
value exceeds the parameter limits (either w or v parameter), then C is skipped without being 
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stored as an element of the new path 5/+ 7 . If the error /between any two cutter contact 
points, (Q + 7 j, Q-f 7 j+ 7 ) in sequence, is larger than the given tolerance, a new cutter contact 
point Cf is inserted between Q + j j and Q+ ij+ 7 . Cf can be defined as follows: 

\uh\j + Uinj*\) 

2 ’ 2 / 

where R(u, v) is the surface description. 




6 . COMPUTER IMPLEMENTATION AND RESULTS 

The methodology presented in this paper has been implemented using C programming 
language on Motorola PowerPC DT604 workstations. Some testing examples were reported 
in [Lee 98a]. For the testing example, the total tool path length generated by the traditional 
constant parametric method is 106.73 units. For the same example, the total length of the 
tool path generated by the proposed non-isoparametric method is 82.89 units. Comparing 
the result generated by the proposed non-isoparametric method and the one by the traditional 
method, one can easily find that the proposed method reduces the total tool path length of the 
example sculptured surface by 22.3%. The reduction of total tool length by using the 
proposed non-isoparametric method should increase when the sculptured surface becomes 
more complex, due to the difference between the largest and smallest feasible machining 
strips along the constant parametric path. Details of the computer implementation and the 
testing results can be found in [Lee 98a]. 




; Feasible machining strip along tool path St 
Cij : Cutter contact points along tool path Si 
Ci+ij : New cutter contact points along non-isoparametric path St+i 
wi.j : Feasible machining strip width at Cij 

Figure 9 Finding the adjacent non-isoparametric tool path Si+ 7 based on the calculated 

feasible path intervals 



7. CONCLUSIONS 

This paper presents a new approach to generating non-isoparametric tool paths for 5-axis 
sculptured surface machining. Two major contributions are explained in this paper. First, 
this paper deploys the new concept of machining strip analysis in non-isoparametric 5-axis 
tool path planning. Second, this paper presents a method that successfully searches for the 
parameter increments (w,v) along an orthogonal path interval that enables a non-isoparametric 
path planning strategy to come true. The proposed method can be used to improve the 5 -axis 
machining efficiency for CAD/CAM systems. 



358 





• : G+ij feasible new cutter contact point on path 5; +y 

0 : (Skipped) Infeasible offset point due to (?/* > 1.0) or 
(^*>1.0) or (?/* < 0.0) or (v * < 0.0) 

Figure 10. Skipping the unfeasible non-isoparametric offset points for path generation 
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Abstract This paper examines the benefits that are realized when five-axis curvature matched 
machining methods (CM) are used to machine typical automobile stamping die geometry. 
Three-axis ball end mill methods are used as the baseline of comparison for CM. Two 
doubly curved sample surfaces which represent an automotive stamping die are machined 
using: 1) three-axis ball end mill CAD methods, 2) CM methods developed by Brigham 
Young University and Contour Numerical Control, Inc. Results are presented and discussed. 



1. INTRODUCTION 

Traditionally, sculptured surfaces have been machined with ball end cutters on three-axis 
mills. All of the leading Computer-Aided Design and Manufacturing (CAD/CAM) systems 
have well developed three-axis ball end machining capabilities. Three-axis ball end 
machining has been thoroughly researched, and most of the pertinent machining issues are 
well understood. Ball end machining is still the predominant choice in industry today for the 
machining of complex surfaces. 

However, five-axis mills have become relatively common, and offer new approaches for 
sculptured surface machining. The most common approach is to use a flat end cutter inclined 
at a fixed angle from the surface or surface normal. A flat end cutter removes material much 
more efficiently than a ball end cutter of the same size, but fixing the tool angle introduces a 
series of problems not generally encountered in three-axis machining. The most severe 
problem occurs when the cutter is not inclined far enough from the surface and cutting occurs 
on the lateral and trailing edges of the cutter. This problem is known as local gouging. This 
leads to too much material removal as well as surface finish problems. Largely because of the 
gouging problem created by a fixed inclination, industry has not widely adopted five-axis 
machining methods for complex surfaces. To the author’s knowledge, none of the currently 
available five-axis machining software algorithms found in CAD/CAM systems support 
gouge detection and correction for flat end cutters. 

A new approach for machining with a flat or filleted end cutter is curvature matched 
machining (CM). In this method the curvature of the surface at a discrete point is used to 
calculate the inclination angle of the cutter so that the curvature of the cutter matches the 
curvature of the surface. As the cutter moves across the surface, the inclination is 
automatically adjusted to maximize efficiency and eliminate gouging. This method results in a 
second order match between the surface and cutter, as opposed to the first order match created 
with three-axis machining or fixed-inclination five-axis machining, and leads to a significant 
increase in the material removal rate. 

This paper compares the commercial implementation of CM developed by Contour 
Numerical Control, Inc. with machining algorithms found in three popular CAD/CAM 
systems: CATIA® by Dassault Systemes, Pro/MANUFACTURE™ by Parametric Technology 
Corporation and I-DEAS™ by Structural Dynamics Research Corporation. Because of the 
limitations of fixed cutter inclination found in the commercial five-axis machining software 
tested here, CM was compared with three-axis ball end methods, which still represent the 
state-of-the-art in sculptured surface machining performed in industry today. Three-axis tool 




paths were generated in each of the previously mentioned CAD/CAM systems and found to 
be essentially identical. Therefore, only the tool paths created in CATIA® were used for 
testing, since it is has the largest number of seats in the automotive/aerospace industries. 
Section 2 outlines the basic aspects of curvature matched machining. Section 3 describes the 
surfaces machined including all machining parameters, includes the basis for comparison and 
the judgment criteria and is followed by the results in section 4. Conclusions are found in 
section 5 of this paper. 



2. MACHINING ALGORITHMS 

Ball end machining is very well understood and will not be described here. Curvature 
matched machining is a relatively new technology, and although it has been introduced in 
other publications (Mullins et al., 1993), it will be briefly discussed here. 

The basic premise of CM is to match the curvature of the swept profile of the cutting tool 
to the normal curvature of the surface in the plane perpendicular to tool motion. Given a flat 
end mill, its swept silhouette is an ellipse. The major radius of the ellipse is equal to the tool 
radius, and the minor radius is a function of tool inclination. The minor radius varies from 
zero when the tool has no inclination to the tool radius, when the tool is inclined 90 degrees. 
The equation for the ellipse is 

2 2 

^ = 1 

{R/sin(a)y 

( 1 ) 

It can be shown that the curvature of this ellipse at the cutter contact point is equal to 
_ sin(G:) 



( 2 ) 

Normal curvature on the surface, can be easily calculated from equations found in 
differential geometry theory. When set equal to the curvature of the cutter swept silhouette, an 
equation for the angle of inclination is found: 
a = <3sin(A:„ * r) 

( 3 ) 

In CM, the tool is inclined forward in the direction of tool motion by at each discrete tool 
location. A similar derivation for filleted end mills leads to an equation for inclination which 
will not be discussed here for sake of brevity. 



3. MACHINING METHODOLOGY 

For this comparison, two surfaces were machined, each one using CM and CATIA®. The 
surfaces were the top and bottom of an automobile hood, representing a typical stamping die. 
This surface is displayed in Figure 1. 

For this comparison, CATIA® used ball end cutters in three-axis mode while Contour 
Numerical Control’s CM used a filleted end cutter in five-axis mode. Only finish passes were 
considered. For the top side of the hood one inch cutters (the filleted end cutter had a 0,125 in. 
comer radius) were used and for the underside of the hood half-inch cutters (the filleted end 
cutter had a 0.060 in. corner radius) were used. Scallop height was set to be a maximum of 
0.0001 in. The surfaces were machined in aluminum. 
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Figure 1\ Hood surface. 



4. RESULTS 

The following figures are photographs of the machined surfaces set side-by-side. Upon 
close inspection, one can see the much wider step-over that occurred on the surfaces 
machined with CM. 





Figure 2: CM machined bottom of the hood. Figure 3: Ball end machined bottom of the 
hood. 

The next figures are taken from a 3D scan performed by a Hommel T8000 surface 
analyzer. The same surface location was scanned on both surfaces. These scans were 
performed on a convex region on the top of the hood. The y-axis is scaled differently from the 
x-axis in these scans so that surface features are more apparent. On the ball end portion, the 
individual scallops are clearly visible. On the CM portion, the step-over is much larger, and 
the scallops also appear to be smaller. 

The next figure was also created using the Hommel surface analyzer. This figure was 
created by dragging the stylus across the scallops in a concave region on the top surface. The 
stroke length was 0.19 in, and the y-axis is scaled significantly larger than the x-axis so that 
scallops are easily discernible. In this graph, the scallops of the ball end mill are very easy to 
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recognize, whereas scallops on the curvature matched portion are not easy to discern. The 
stroke on this graph covered approximately 2 adjacent tool paths but no distinct scallop is 
visible. 




Figure 4\ CM machined top of the hood. Figure 5: Ball end machined top of the hood. 




Figure 6: Ball end machined surface. 



Figure 7: CM machined surface. 
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Figure 8: Scallop heights in a concave region. 
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The surfaces were also compared with respect to tool path density, which directly 
correlates with machining time. These values are summarized in Table 1. 








Table 1: Tool path density (passes per inch). 





Top 


Bottom 


CM 


10.4 


9.9 


Ball end j 


58 


70 



On the top surface, CM resulted in a nearly 6:1 reduction in tool path density, and on the 
bottom surface, a greater than 7:1 reduction in tool path density was found. 

After machining, all surfaces were inspected for surface roughness (Ra). Each surface was 
inspected at 10 locations, and the results averaged in order to give an average surface 
roughness for the entire surface. These results are summarized in Table 2. 



Table 2: Surface roughness (in). 





Top 


Bottom 


CM 


36.4 


36.0 


Ball end 


58.4 


49.4 



On each surface, CM resulted in a slightly better overall surface finish. One of the primary 
goals of CM is to reduce machining time while also eliminating grinding. This was 
accomplished on these surfaces. Polishing can generally occur when the surface roughness is 
below 40 in (Whitehouse, 1994). Above this value, some grinding is still necessary; thus, 
the ball end machined surfaces would still require light grinding before polishing could be 
performed. 



5. CONCLUSIONS 

On the surfaces tested here, CM resulted in a smoother surface with a 6 or 7:1 reduction 
in tool path density. In addition, scallops between adjacent tool paths, while still present with 
ball end machining, are largely eliminated with CM due to the precise placement of a filleted 
or flat end mill on the surface. The surface machined in this study was representative of a 
stamping die from the automotive industry. Additional research should be performed to 
investigate the benefits and limitations of CM on other types of geometry, such as composite 
lay-up tools for the aerospace industry. 
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Abstract: The study deals with five-axis control tool path generation for the sculptured surface 

machining with a conicoid end mill. In general, ball end mills are utilized for the sculptured 
surface machining. However, it takes much time to finish such complicated surfaces with 
high accuracy due to the necessity of small amount of pick feed, which causes the reduction 
in machining efficiency. Thus, special cutting tools called conicoid end mill were devised to 
meet the requirement of relatively large amount of pickfeed. The adequate selection of tool 
attitude allows a large amount of pick feed, and yields good surface quality in surface 
finishing. 



1. INTRODUCTION 

In the recent years, industrial products are changing into the complicated ones consisting 
of numerous sculptured surfaces so as to meet the demands for improvements of design and 
mechanical performance. In regard to the above background, it is necessary to establish a new 
technique for the efficient machining of sculptured surfaces. 

In case of machining sculptured surfaces, ball end mills are inevitably utilized, since they 
allows us to machine complicated surfaces with a wide variety of curvature by selecting a 
suitable radius one. However, in cutting the complicated curved surface accurately, the ball 
end mill with the smallest radius should be selected so as to prevent the gouging between tool 
and surface. Furthermore, in order to keep the cusp height below the specified tolerance, a 
very small amount of pickfeed must be set according to the surface curvature and the tool 
radius. The above problems indicate that the complicated surface machining with ball end 
mill is not necessarily effective and is liable to lead to the increase in machining time and the 
reduction in machining efficiency. 

In previous publications, five-axis control heel cutting with a flat end mill or a face- 
milling cutter has been reported. The methods allow us to accommodate the Cutter Location 
(CL) data to the surface curvature change by modifying the tool attitude and the imaginary 
radius of tool at each cutting point ^ In our previous paper, we proposed the introduction 
of a conicoid end mill and the application to the five-axis control machining of sculptured 
surfaces Since the curvature of the cutting edge changes continuously, the tool attitude can 
be adjusted for the tool radius to be equal to the curvature at each cutting point on a 
workpiece by five-axis control. Thus, we produced a paraboloid end mill as a kind of the 
conicoid end mills, whose outline is formed by a revolutional body of parabola, and a certain 
availability was experimentally confirmed. However, it is difficult to say that the method is 
widely applicable to all surfaces, since all tool paths are generated along parameter lines on 
the sculptured surface. The paper deals with the adaptability of our tool path generation 
method mentioned in the previous paper. 




2. SCULPTURED SURFACE FINISHING WITH CONICOID 
END MILL 

In cutting by ball end mills, wave-like remains take place between two neighbouring 
cutter paths, which are called cusp. The height of cusp is determined by a few factors such as 
the surface eurvature, the tool radius and the amount of pickfeed, thus influencing the surface 
accuraey. In case that the change in surface curvature is quite small compared with the 
amount of pickfeed, the height of cusp h is approximately expressed by the following 
equation; 




, where r and / are a tool radius and an amount of pickfeed respectively. When machining the 
complieated surface, whose curvature varies largely, we must seleet a eutter with as small 
radius as possible so that it can cut the maximum curvature part of surface without gouging. 
Since the height of cusp h increases with decreasing the tool radius r, as seen in Equation (1), 
a small amount of pickfeed must be required to make the cusp height below the tolerance, 
which causes the drastic increases in data length and machining time. Furthermore, the actual 
height of cusp varies according to the surface curvature change, which results in the difficulty 
to obtain the uniform surface appearance. 

In regard to the above problems, it is convenient to change both the tool radius and the 
amount of pickfeed according to the surface curvature ehange. However, it causes such 
problems as the tool setting error resulting from the tool change, which deteriorates the 
surface quality. In addition, the working time increases with increasing the number of tool 
setup. Judging from the above consideration, the method dependent on the tool change is not 
always practical. 

The solution is to use the special end mill whose radius changes continuously and to 
adjust the cutter location and the amount of pickfeed at each cutting point so as to keep the 
cusp height constant. It allows us to perform the effective surface finishing with a uniform 
cusp height. The utilization of five-axis control enables to adjust the tool location to the 
surface configuration. As the special end mill, we devised conicoid end mills that consist of a 
revolutional body of conic section, such as ellipsoid, hyperboloid and paraboloid. Figure 1 
shows the comparison of a new machining method by use of paraboloid end mill with a 
conventional one by use of ball end mill. Conicoid end mills enable to cut the complicated 
surface with tool radius and pickfeed as large as possible, thus performing the finishing 
process efficiently. 
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Figure 1. Two kinds of machining method for seulptured surface 

In our latest research, the shape of conicoid end mills is limited to paraboloid end mills. 
Figure 2 shows two paraboloid end mills actually made, based on different parabola functions, 
/ (x) = xf2 and xf5. We have proposed the basic method of tool path generation, and obtained 
a measure of success. However, several problems take place for cause that the tool path was 
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generated along parameter lines on the surface. Thus, it is improper to apply the method to 
curved surfaces that change their width drastically in the tool feed direction. If the problem is 
solved, the method offers the potential of effective machining of complicated surface. 




Figure 2. Paraboloid end mill 

The paper deals with the improvement of the method for paraboloid end mill, and the 
expansion of the algorithm so as to generate tool path without influences of parameter lines on 
the surface. 



3. TOOL PATH GENERATION FOR MACHINING WITH 
PARABOLOID END MILL 

3.1 Determination of tool attitude 

At first, we set up the tool coordinate system Ot, which has its origin O at the tool center 
point, and the z coordinate axis corresponds with the tool axis t, as illustrated in Figure 3 




Figure 3. Tool coordinate system Ot 

Next, at each cutting point Cc, let us assume a local orthogonal coordinate system Oc. 
This coordinate system is called cutting point coordinate system and has its origin at the 
cutting point Cc, with the direction of surface normal nc, the z coordinate axis, and the tool 
feed direction fc, the x coordinate, as illustrated in Figure 4. The tool is located on the cutting 
surface so that the cutting point of tool can contact with the surface at Cc. 
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At the time, the tool center point Po is determined in the coordinate system Ot, as illustrated 
in Figure 5. The point Po can be calculated by the following equation. 




Tu)l vsxiot t 



NTunul vector ti€ 



Feed vccu^“ Jc 
C )uLcr pi'odud ol ttc and fc 

(. utlmg piunl t'c 
Cutting point coordinate system 



'Fool center fxiij'it Po 



Figure 4. 






( 2 ) 




Figure 5. Positional relationship in tool coordinate system 

Where nt: the normal vector of parabola at the cutting point Ct 
zt. a vector parallel to z-axis that starts from point Ct 
q\ an angle between the vector nt and zt 

f. an angle between the vector d directing from point Ct to O and nt 
Rv(a) represents a rotational transformation matrix by a rotational angle a around the vector 
V, and \d\ is the scalar of the vector d. In the similar manner, the tool axis vector t in the 
coordinate system Oc is represented by the following equation, 

t = • nc (3) 

3.2 Calculation of tool path 

In general, sculptured surfaces are defined by two parameters, u and v, which change 
from 0 io L Thus, each cutting point on the surface is calculated from u and v. The tool 
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attitude is determined on the basis of the cusp line that is like ridge on the surface. At the time, 
to perform the surface cutting in good condition, the tool attitudes must be generated so as to 
change smoothly. In the following paragraphs, the tool path generation process is described in 
detail. 



3.2.1 Cutter locations in the first tool path 

Cutting points for the first tool path are generated on the iso-parametric curve u {v=0\ 
constant) along the surface edge. Cutting parts on cutting edge and tool attitudes are 
calculated on the basis of curvatures in the direction of parameter v. At the time, the 
interference between tool and surface is checked on each cutting point. If the interference is 
detected, the tool attitude is modified by shifting the cutting part on tool edge. Repeating the 
above check and modification for all cutting points generates the first interference-free first 
tool path. 

3.2.2 Cusp line generation 

Except for the above first path, almost of the all paths are generated on the basis of the 
former path. First, the parabolas, which correspond to the tool shape, are arranged on the 
cutting surface according to the cutter locations in the former tool path. 

Next, at each cutting point, the cusp point Pcs, which is distant from the cutting surface to 
the specified cusp height, is searched by using a convergent algorithm, as illustrated in Figure 
6. The cusp lines are generated by interpolating cusp points obtained above,, as shown in 
Figure 7. 




3.2.3 Determination of tool attitude based on cusp line 

Cutter locations for each tool path are determined so that the cutting edge may contact 
with the cusp line. 

First, we assume a coordinate system Oc, as illustrated in Figure 8. At this time, let vc be 
the vector that directs to the intersection point Sc between the cusp line and the x-z plane in 
the coordinate Oc. In addition, the value p is the x component of the cutting point Ct in the 
tool coordinate system Ot. Then, the following equation is satisfied. 



/'=(l + ^)(4p^-4p^+A) 

a a 




2fl/7*sin+cosf 
- lap • cos + sin 



( 4 ) 
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, where ^ is the angle between the vector vt and the vector nt in the coordinate Ot, I and a are 
the scalar of the vector vt and the constant that is used in a function of parabola, z=f{x) = cvc^, 
respectively. Thus, the tool attitude is obtained by the suitable value p of Equation (4) on the 
basis of values, and /. 




Iso-pamiticlrk curve u 
(V =comluiiU 



Cusp Height 



Cusp [xvinl 



l\'irahola 



Cusp line 



Figure 7. Generation of Cusp Line 




Figure 8. Decision of tool attitude based on the cusp line 



3.3 CL data with smooth change in tool attitude 

By searching sets of possible cutting point and tool axis on an iso-parametric curve u 
(0<u<l, u=constant) in consideration of the tool interference, the sets of parameters u, v, and 
p can be obtained, which determine the tool attitude in Equation (4). 

First, the possible cutting range is searched on a curve u, where the tool contacts with the 
cusp line, as illustrated in Figure 9. At the time, we collect sets of parameters v corresponding 
to possible tool attitudes along each curve u and the parameters p that are x values of cutting 
points on the tool shape parabola. By interpolating obtained parameter sets in two- 
dimensional plane, the v-p curve is generated, as shown as Figure 10. The above processes are 
repeated on several curves u, the obtained v-p curves are arranged on the imaginary three- 
dimensional orthogonal space F (u, v, p) that formed by three coordinate axes, u, v and p, as 
illustrated in Figure 11. 
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machining method, parameter values are unequal in the direction of pickfe 
leads to the disconnection of tool path. Then, imaginary cutting points are adi 
leter w, where the path is diseonnected. 

initial stage, the tangent veetor vt is caleulated at the end point of the i 
:urve u, and the eurve u is extended in the direction of vt, as illustrated in Fig 
le possible range of parameter v is ealculated so as to form the assumed cusp li 
nining the eutting line on the basis of the possible v range including extended ( 









as the mentioned above, we can obtain the suitable last path without the undesirable retraction 
of tool. 




Figure 12. Supposition of imaginary cutting point 



4. APPLICATION TO SURFACE FINISHING 

In order to confirm whether the extension of the method is effective or not, a simple 
experiment was conducted with a sculptured surface defined by a three-dimensional 
geometric model, Ricoh DESIGNBASE \ The shape of paraboloid end mill used for the 
experiment was designed by appointing a coefficient a = 0.5 and the tool radius, R = 6mm, as 
already shown in Figure 2. Utilising the main-processor extended in this study, the suitable 
CL data can be generated automatically on the basis of the specified strategy, i.e. the regular 
cusp height. The calculated CL data was transformed to NC data by a post-processor that was 
previously developed ^ and then the experiment was carried out on a five-axis control 
machining center. 




Figure 13. Generated CL data for milling with conicoid end mill 

The surface was machined with the paraboloid end mill, and compared with that 
machined with a conventional R5 ball end mill. The CL data for machining with paraboloid 
end mill is calculated so as to keep each cusp height 10 mm constant, as shown in Figure 13. 
On the other hand, the CL data for ball end mill is generated so as to make the maximum cusp 
height below 10 mm. The workpiece material is a duralumin, A7075. Figure 15 shows the 
actual five-axis control milling on the machining center. 
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Figure 14. Five-axis machining with conicoid end mill 

Table 1 lists the comparison of the cutting length. It is found that the use of paraboloid 
end mill drastically reduces the length. Figure 15 (a) and (b) show the surface appearance for 
each machining method. On the surface of Figure 15 (a) that is machined with the paraboloid 
end mill, the cusp lines are found as we assume in the calculation process. Also, the smooth 
and continuous change in the each pickfeed amount was confirmed. On the contrary, the ball 
end mill requires the very small amounts of pickfeed to make each cusp height below the 
specified height, which causes the reduction in the machining efficiency. 



Table 1. Comparison of tool path length 



End mill 


Path length 


Paraboloid 


5565 mm 


Ball 


8856 mm 




(a) with txiraIx>k)iU end mill 



(h) with ball erxl mill 



Figure 15. Machined Surface 
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5. CONCLUSIONS 



In the study, to achieve the efficient surface finishing without the deterioration in the 
accuracy, we proposed the five-axis control machining by using a conicoid end mill. The 
main-processor developed on the basis of devised method allows us to automatically generate 
CL data for the surface finishing with paraboloid end mill. As a result of several cutting 
experiments, the reduction in cutting length was obviously found, compared with the 
machining with ball end mill, which indicates the improvement of machining efficiency. 
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Abstract; This paper presents a unified view that allows one to consider the global 
accessibility question in the context of multi-axis machining, as well as 
globally quantify and resolve it. No constraints are imposed on the possi- 
ble orientations of the tool during the machining process neither are any 
inflicted on the shape of the freeform surface. Being global, the presented 
method augments and complements contemporary multi-axis tool position- 
ing and verification schemes that were developed in recent years for 5-axis 
machining; schemes that identify and resolve the gouging problem on a point 
by point basis for each individual point-location along the tool path. 

Given a freeform surface to be machined, the orientation of the tool at each 
surface location, and a check surface, the outcome of the proposed method 
is a global dichotomy that provides the regions of the freeform surface that 
are accessible without gouging into the check surface. 



1. Introduction 

The advantages of multi-axis machining are quite significant. Faster machining and 
a nicer finish makes multi-axis machining a prime selection when 5-axis machining is 
feasible. Unfortunately, it is far more difficult to employ 5-axis machining compared 
to 3-axis modes. These difficulties stem mainly from the more complex and quite 
unpredictable motion that is introduced by multi-axis machining. The 5-axis toolpath 
introduces many difficult questions regarding the accuracy, validity, and accessibility 
of the generated motion commands. 

The problem of accessibly, or the ability to verify and possibly correct gouging into 
the machined surface or even into other surfaces, is apparently the most fundamental 
hindering factor in the broad use of 5-axis machining. In 3-axis machining, the orien- 
tation of the tool is fixed and hence one is able to reduce the problem of accessibility 
in 3-axis machining to the problem of hidden surface removal of the same scene from 
a direction collinear with the tool axis [5, 12]. The fact that the tool has a finite 
thickness can be compensated for by offsetting all the check surfaces by the radius of 
the tool. The use of Z-buffer [10] based hidden surface removal techniques to verify and 




correct the 3-axis toolpath, is a common practice in many contemporary computer 
aided manufacturing algorithms [18, 19, 21]. 

Solutions to the accessibility, verification, and correction problems in 5-axis ma- 
chining modes are not many. The problem of tool accessibility can be subdivided 
into two almost independent questions. The first weighs possible local gouging and 
optimal tool placement, taking into account only the tip of the tool. The second 
problem considers the detection of global gouging, by testing for possible collisions 
between the entire tool as well as the tool’s holder, and other surfaces. 

Given a surface location, the problems of local gouge prevention and selections 
of optimal tool orientations attracted the attention of several researchers with some 
successful results. Solutions to this local problem were found by forming a polygonal 
approximation to the surfaces [17] and/or employing iterative numerical solutions [3]. 
Other similar attempts exploited highly populated nets of points or normal vectors 
to approximate the surface [13]. In [14, 16], the effective curvature of the tool at the 
contact point is derived from its silhouette and is matched against the curvature of 
the surface. 

The global interference problem has been investigated by employing volumetric 
representations. For example, in [11], an approach that is based on unidimensionally 
elongated volumetric strips is proposed for 5-axis NC verification. 

Research to gain insight into the visibility and accessibility problems in freeform 
surfaces have yielded several fruits, in recent years [5, 12]. The notion of visibility 
maps that are derived from the Gauss map [4] of the surface was introduced in [1, 2] 
for polyhedral models and for freeform surface in [8]. In [15, 20], these maps are used 
for determining the accessibility of a tool, given its point location, exploiting the 
subdivision and convex hull properties of the freeform Bezier and NURBS surface 
representations to compute directional bounds. 

All the above surveyed methods resolve the accessibility problem on a point by 
point basis. Given a point location of the tool, these methods verify and possibly 
correct the tool orientation. Nonetheless, in this work we are interested in the ability 
to resolve this problem for the entire surface: 

GAP (Global Accessibility Problem): Given a surface S(u,v), a vector 
field 0{u, v) that prescribes the orientation of the tool at each (u,v) 
location on the surface, and a check surface K{s,t), find all regions in 
S{u,v) that are 0{u,v) -accessible with respect to K{s,f). 

Providing a global solution has many advantages over a point by point local 
validation and correction approach. First, the solution is independent of the selected 
toolpath as it solves the general accessibility problem that is not specific to some 
given toolpath. Further, by considering the global picture, global algorithms can be 
potentially made more accurate and efficient. When a toolpath is validated on a point 
by point basis, no guarantee can be made on possible gouging while in between the 
verified contact point locations. In contrast, this guarantee is fundamental in global 
algorithms and, in fact, is cost free once a global algorithm is employed. Interestingly 
enough, in [15], the global accessibility question is formulated as a “Machining Feasi- 
bility Checking” (MFC) problem. Nonetheless and while recognizing its importance, 
no hints whatsoever for the solution of the MFC problem are actually provided in [15]. 

Assume an NC machining operation with an orientation that follows the normal 
of the surface. If the freeform surface is convex, every point above the surface could be 
projected along a single normal that contains that point. In [7], this unique mapping 
allowed the reduction of this specific accessibility problem in [7] to the 3-axis visibility 
and hidden surface removal problem. 
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Figure 1. The orientation of a tool in 5-axis machining modes can be prescribed, for 
example, to follow the normal of the surface (a), go through a point (b), or go through 
a (circular) curve (c). Several tool positions are shown. 



Nevertheless, the problem of accessibility in 5-axis modes is more general. The 
orientation of the machining tool need not follow the normal of the surface as in 
Figure 1 (a), but can be arbitrarily prescribed. For example, the toolpath may follow a 
toolpath orientation through a point as in Figure 1 (b). Here, the infinite line of the tool 
axis is coerced to go through both the contact location with the machined surface and 
some prescribed point (s). This machining mode might be useful in machining cavities 
with negative slopes (see Figure 1 (b)). Similarly, one might enforce a machining 
operation with the toolpath orientation through a curve (see Figure 1 (c)). Clearly, 
other possibilities for the selection of the orientation of the tool may be employed. In 
this context, the regular hidden surface removal problem in computer graphics [10] is 
a special GAP problem for which 0(w, v) is fixed and follows the viewing direction. 

In the ensuing discussion, we assume that both the surface to be machined and 
the check surface are regular continues surfaces. Also, we assume that the check 
surface is closed and it has already been offset by an amount equal to the tool radius. 
Hence, we can consider the accessibility problem as an intersection problem between 
a line along the axis of the machining tool and the (offset of) the check surface. 

In this work, we consider a zero radius tool because one can always reduce the 
problem of a tool of radius r to a tool of zero radius and an offset check surface by 
radius r [7]. Moreover, in the ensuing discussion, we will concentrate on global gouge 
detection away from the tip of the tool, complementing local accessibility methods [3, 
14, 13, 16, 17]. This paper is organized as follows. Section 2 surveys the necessary 
background. In Section 3, we present the proposed algorithm while some results are 
depicted in Section 4. Finally, we conclude in Section 5. 



2. Background 

Denote the freeform surface to be machined by S{u^v) and let K{s^t) be the check 
surface. In [7], two conditions were proposed toward the detection of the boundary of 
the accessible surface (See Figure 2 (a)): 

^ 77 ^( 5 , t), n^('U, u)^ = 0, 

t), S{u, v) — K{s,t)^ = 0, 
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( 1 ) 





Figure 2. Assume an NC machining operation with orientations following the normal 
of the surface. On the boundary between the accessible and inaccessible regions in (a), 
the normal of S{u,v), n^{u^v)^ must be perpendicular to the normal of the 
n^{s^t). Similarly, the vector S{u^v) — K(s,t) must be perpendicular to As 

is shown in (b), these two conditions are insufficient as they do not coerce n^(u, v) to 
be collinear with S{u, v) — K{s^t). The original surface in (a) is rotated at the contact 
location point in (b) along the n^{s,t) vector. The original surface is shown in (b) in 
thin lines. 



where n^(s,t) and n^(u,v) are the normal fields of K(s,t) and S{u,v), respectively, 
and are not necessarily normalized. 

Equations (1) were not employed in [7] toward a solution of the GAP for several 
reasons. First and foremost, and as pointed out in [7], the constraints that these 
two equations impose are insufficient. The vector of n^(u,v) is not constrained to 
be in the direction of S{u,v) — The scene in Figure 2 (b) was derived from 

Figure 2 (a) by rotating 5(u, v) at the machined point along the vector n^(s, t). Hence, 
n‘®(s,t) and n^{s^t) remain perpendicular, yet n^{s,t) is no longer collinear to vector 
S(u, v) — K{s, t). 

Moreover, Equations (1) are restricted to a 5-axis machining mode with a tool 
orientation that follows the normal of the surface. Finally, since the approach requires 
one to find a solution for a four variate problem, one should expect this approach to 
be slow. 

For all these reason and since a more efficient approach has been proposed in [7] 
for the restricted case of convex surfaces machined with a tool orientation along the 
normal of the surface, the potential of Equations (1) was not deeply explored in [7]. 
Nevertheless, in Section 3, we revisit this approach and define the sufficient conditions 
for the solution. In addition, we extend this approach for arbitrary type of machined 
surfaces and arbitrary tool orientations, providing a unified global solution to all 
5-axis accessibility questions. 



3. Algorithm 



Denote the arbitrary tool orientation at surface point *5'(u, v) by 0(u, v). That is, given 
a surface location S(u,v), 0{u,v) prescribes the tool orientation there. For example. 
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for the orientation scheme proposed in Section 1, one can get: 

0{u^v) = n^{u^v), for an orientation along the normal of 

the surface, 

0(u, u) = P — 5(u, u), for an orientation through a point P, 

0(u, v) = C{u) — 5(u,u), for an orientation through a curve C. 



( 2 ) 



Assume 0{u, v) is contained in the tangent plane of 5(u, v) at some location. Since 
S(u,v) is regular, for every either 



0(u, u) X 



dS{u,v) 

du 



(3) 



0{u,v)x^^^jLO. (4) 

Alternatively, if 0{u, v) is contained in the tangent plane of 5(u, v) at no location, 
both conditions (3) and (4) would hold for the entire domain. 

Therefore, and without any loss of generality, assume 0{u, v) x i=- 0. Then, 

we define. 



Oi[u,v) = 0{u,v)x — — — , 
02{u,v) = 0{u,v) X Oi {u,v), 



(5) 



as two vector fields that span the plane orthogonal to 0(u, t?), in JR^. 

Armed with these vector fields, we are ready to define the necessary and sufficient 
conditions for the boundary of the accessible regions of S{u, v): 



Pi(u, u, s,t) = {Oi{u, u), 5(u, v) — K{s,t )) , 

P 2 {u,v,s,t) = (O 2 (u,u),5(u, u) - K{s,t )) , 

Ps{u,v,s,t) = (n^{s,t),S{u,v) - K{s,t)\ . ( 6 ) 



The three functions of Equations (6) are the result of symbolic differentiation, dif- 
ferencing, and multiplication operations over piecewise rational functions, operations 
that are closed for this domain of piecewise rationals [6]. Then, 

LEMMA 1. A {u,v^Syt) point would be on the boundary between a 0(u^v)~ 
accessible and 0(u,v) -inaccessible regions of S{u^v) if and only if the following 
constraints are simultaneously satisfied: 

Pi(u, V, s, t) = 0, 
p 2 (u, u, s, t) = 0, 

P2,(u,v,s,t) = 0. (7) 

Proof. See [9] ■ 



These are necessary and sufficient conditions. We are completely constraining 
the tool’s orientation while also forcing the contact point at the check surface to 
provide tangent plane continuity. We are presented with three Equations (7) in four 
unknowns (u, v, s, t). Hence, the solution is expected to have one degree of freedom or 
is a univariate. This curve indeed delineates the 0(u, f)-accessible region in S{u,v) 
from the inaccessible regions. 
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3.1. Solving the Equations 

The presumably simple set of constraints (7) can be difficult to solve. The set contains 
three non linear equations in four unknowns. Favoring a robust solution, we choose to 
employ a subdivision based method, that is intermixed with a numerical improvement 
stage. 

DEFINITION 1. A bounding cone, C, contains the prescription of a unit length 
axial direction V and an angular span of a. All unit length vectors with a deviation 
of less than a from unit vector V are considered hounded by C. 

Hence, for a given arbitrary unit vector >V: 

yVeC ^ (W,V) < cos(a). 

Cones bounding all possible directions in the vector fields can be computed for 
the three vector fields that are represented using NURBS, of, 

Oi{u,v) C Ci(q;i, V i), 

02 {u,v) C C 2 (o; 2 , V 2 ), 
t) C Ca(o;3, V 3 ), 

by examining the control meshes of these vector fields and exploiting the Convex Hull 
property of the NURBS representation, the representation we employed throughout 
this work. A similar cone can be computed for the vector field of S{u, v) — K(s, t), as, 

S{u,v) - K{s,t) C ^ 4 ( 0 : 4 , V 4 ), 

by, again, examining all possible differences between the control points of 5(u, v) and 
K{sff) and exploiting the Convex Hull property of the representation. 

Then, the constraints of Equations (7) can be rewritten cis, 

(Ci(ai,Vi),C4(a4,V4)) = 0, 

(C2(a2,V2),C4(a4,V4)> =0, 

{Cs{a3,V3),C4{a4,V4)) = 0. ( 8 ) 

LEMMA 2. The inner product of two vector fields hound hy the two cones Ci(ai,Vi) 
and Cj{aj,Vj) might yield a zero result only if the following holds, 

— — ai — aj < (Vi, Vj) < — + ai aj , (9) 

while recalling that Vi and Vj are unit length vectors. 

Proof. See [9] ■ 



A subdivision algorithm to simultaneously resolve Equations (7) is now readily 
available. Subdivide both surfaces in either one of u, v, s or t until either the subdi- 
vided patches are sufficiently small or until one of the three conditions of Equations (8) 
can never be satisfied, as can be tested via Equation (9). 

Figure 3 (a) shows the set of points that were extracted using the presented 
approach for a simple case of an almost fiat surface S{u,v) and a spherical check 
surface K{s,t), and an orientation that follows the normal of the surface. 

One can continue the subdivision process until the size of the patch is sufficiently 
small. Nevertheless, the process can be quite slow. Instead, we resort to a second 
numerical step once a rough approximation has been robustly computed using the 
subdivision algorithm and with a relatively large r. 
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Figure 3. A view of a spherical check surface and an almost flat surface to be machined 
along the normal of the surface. In (a), the set of points, extracted from the presented 
subdivision process, is shown. In (b), the same set is presented after employing the 
numerical improvement stage. Finally, in (c) the inaccessible circular interior area is 
trimmed away. 



Let the gradients of each of the three Equations (7) be denoted by, 

_ f Fi{u,v,s,t) Fi{u,v,s,t) Fi{u,v,s,t) Fi{u,v,s,t)\ 

J, 

for i = 1, 2, 3. 

The numerical stage includes first order Newton Raphson iterations. That is, we 
assume a first order approximation to each of the three Equations (7), at the current 
(u,v,s,t) solution and follow the gradient until the equation equals zero in the first 
order approximation. 

In practice, one is not required to guarantee the numerical convergence of all 
the sampled points from the subdivision process. A majority of samples would be 
sufficient, and this relaxation can tremendously improve the speed of the numerical 
stage as it is no longer required to be robust. In all the examples presented in Section 4, 
over 90% of the points provided by the subdivision process were successfully improved 
by the numerical step, in very few iterations, while the rest of the points were simply 
purged away. This, with a fairly inaccurate subdivision tolerance in the order of 10“^ 
or even larger, and for a unit size model. An improvement of two orders of magnitudes 
on the maximal error could be typically gained using about five numerical iterations. 
A numerical tolerance of is typically sufficient for NC applications and was used 
in all the examples shown in Section 4. Needless to say, the numerical computation 
took less than 10% of the time compared to the subdivision approach and well justified 
the subdivision-numerical hybrid approach. 



4. Examples and Results 

Given the set of points on the boundary between the accessible and inaccessible 
regions, one can chain them into curves and trim the original surface S{u,v) using 
these (trimming) curves. This exact process is used throughout the examples of this 
section. 

Figure 3 (c) shows the result of chaining together the points that result from 
applying the subdivision stage shown in Figure 3 (a) and the numerical improvement 
stage shown in Figure 3 (b). Once the trimming curves are constructed, the surface 
is subdivided into different regions, each should be tested for its accessibility. 
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Figure J^. Two views of a toroidal check surface and bump like surface to be machined 
along the normal to the surface. The inaccessible regions are trimmed away. 



Figure 4 consider a more realistic freeform pocket, with a toroidal check surface. 
The proposed accessibility testing scheme can clearly handle convex check surfaces. 
However, this scheme also support check surfaces of hyperbolic shape with virtually 
no changes. Concave surface, on the other hand, would create superficial edges that 
are of no interest. Hence, cavities on the check surface must be eliminated before the 
accessibility test takes place. See [6] for a trichotomy of freeform surfaces into convex, 
concave and saddle regions. 

A single check surface can affect completely disjoint regions in the surface to be 
machined, provided that the normals of these disjoint regions are all pointing toward 
the check surface. Figure 5 shows one such example for a rounded cube (minus one 
face) and a spherical check surface at its center. 

While common, the tool orientation need not follow the normal of the surface. 
In Figure 6, three examples of machining through a point are considered, for three 
different locations of the prescribed (through) point. Once the new orientation field 
0{u^ v) is derived, the accessibility algorithm as is presented in this work can be 
employed, unmodified. 

All examples in the section were computed in time complexities starting from a 
minute or two for simple cases like Figure 3 and up to couple of hours for highly 
complex examples like Figure 5, all on a high end workstation. As stated already, the 
subdivision process consumed about 90% of the total computation time. 



5. Conclusions 

This work presents a solution to the accessibility questions of NC machining in 5-axis 
configurations. The approach presented as part of this work is capable of answering 
the fundamental global question of what regions of a surface can be machined from 
an arbitrarily prescribed orientation field and not gouge into the given check surface. 
Throughout this work, the assumption was made that both S{u^ v) and K(s,t) are 
continuous. Further, K{s^t) was assumed to be a closed object. These assumptions 
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Figure 5. Two views of a spherical check surface and a rounded box surface to be 
machined (minus one face) along the normal to the surface. The inaccessible regions 
are trimmed away. Seventeen (!) disjoint regions are eliminated in this example. 





(c) 



Figure 6. Three point locations above an elliptical check surface and cavity like surface 
to be machined through a point p. In (a), p is location way above the check surface. 
In (b), p is closer to the check surface, while in (c) p (shown in the figure) is just 
above the check surface. 



can be relaxed in several ways. First, both surfaces can be piecewise continuous. 
That is, one can allow a finite number of discontinuities, locations were the surfaces 
would be split at. However, if K{s^ t) is piecewise and/or is not a closed object, the 
boundary curves of K{s^t) must also be taken into considerations, as an extremum 
where the tool can start to gouge into K{s,t). 

Clearly, the next question to explore is, given the additional degrees of freedom, 
can one automatically modify the orientation in gouging situations and prevent the 
gouging from occurring? 

A different way to approach this last question might be through the quest for all 
the gouge free orientations for all locations on the freeform surface S{u^v). Given 
a surface S{u^v) and a check surface K{s,t)^ the outcome would be a four variate 
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trimmed accessibility hyper-surface field of the form of A{u^v^a^6)^ where a and 0 
span the trimmed hemisphere of accessible orientations above the tangent plane of 
surface S{u^v). 

Finally, one should recall that the special case of machining through a point brings 
us back to the hidden surface removal problem in computer graphics, this time for a 
perspective view. In other words, we are essentially providing as part of this work, 
a solution to the hidden surface removal problem, this time for perspective views. 
Further, the 3-axis machining mode which is equivalent to the hidden surface removal 
problem in orthographic view is also a special case of the presented approach of this 
work, this time with a constant orientation field 0(u, v) = Oo. 
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